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On the features of breaking a microjet of dilute polymer solution into

main and satellite microdroplets under external vibration perturbation
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An experimental study of the morphology of the laminar microjet flow of diluted aqueous solutions of

sodium alginate without and with the addition of hydroxyethyl cellulose after a nozzle subject to external

vibration stimulation by the action of the reverse piezoelectric effect was carried out. We studied the influence

of the polymer concentration in the solution (0.5−5mg/ml), the flow rate of the liquid (4−26ml/min), and

the frequency of the current of external perturbation (0−1.2 kHz) on the capillary crushing of the microjet

with a diameter of about 210 um in the range of Ohnesorge numbers from 0.046 to 1.88 and Reynolds

numbers 0.7 to 470. The modes of microjet flow and crushing on microdroplets with indication of boundaries

of transitions between them are selected, and a general map of modes is built. Taking into account the

polymer concentration in the solution, the dependence of the microjet fracture length on its velocity is shown.

The conditions of monodisperse microjet destruction with equidistant arrangement of the main microdroplets

in the flow are determined, which are related to an optimal balance between the molecular mass of the

polymer in the solution, the intensity of external disturbance and the time of stress relaxation in polymer

viscoelastic microjets. The role of formation of structures such as
”
beads-on-filament“ in capillary destruction

of microjet with identification of cases of absence of occurrence of
”
satellite“ microdroplets from liquid threads

between the main microdroplets has been studied. The results are applied to technologies based on in-air

microfluidics (bioengineering and additive technologies), dealing with heterogeneous fluids with viscoelastic

properties.

Keywords: Plateau−Rayleigh instability, reverse piezoelectric effect, monodisperse breakup, relaxation time,

microjet flow.
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Introduction

The controlled breakup of a laminar jet into microdrops

is a key step in existing and advanced processes such as jet

printing [1], encapsulation [2,3], additive manufacturing [4],
microfluidics [5], especially in-air microfluidics [3,6]. For

many of these processes the formation of satellite drops, i. e.

considerably less in size liquid fragments, that are formed

between main drops of the broken jet, which is ubiquitous in

the breakup of low-viscosity fluids [7], is detrimental to these

applications and must be controlled. This phenomenon is

especially actual, because production cycles and research

laboratories actively engage liquids with complex internal

structure and composition of components, that, as it was

shown by experiments with drops and jets [5,7–11], have
significant differences and distinctive morphological features

in the liquid dynamics as compared with homogeneous

compounds.

The breakup of homogeneous Newtonian liquid jets

into droplets is rather well studied by now [12,13]. It

is important to note the classical studies where attempts

have been made to explain the laws of satellite drops

formation [14,15] and even to control sizes of the main

and satellite drops [15]. It is found that changes in the

perturbation wavelength, the perturbation magnitude, and

the Weber number (We) are considered as the main factors

that influence the formation of drops and their sizes.

The situation with investigations of heterogeneous liquid

jets is not so unambiguous. On one hand, the extensive

development of jet printing technologies that use inks with

complex compositions of components from 1970-es [12,14]
promoted the development of currently in-demand tech-

nologies in the field of biological engineering and additive

manufacturing [3,16]. These technologies are often based

on liquids with unique compositions of components and

structures, for example, polymer solutions [3], and liquids

that demonstrate viscoelastic properties [5,7]. On the other

hand, for all these applications, as it is noted in the above-

referred works, the presence of bimodal size distribution of

drops, i. e. the formation of satellite drops along with the

main drops, remains a problem so far.

There are different approaches to the organization of

microjet flow that make for the achievement of conditions

for the ordering of elements within the formed microdrop

flow in terms of its morphology (modes, where microdrops

are
”
aligned“) and drop sizes. Among the main of them is

physical cutting of the jet flow into monodisperse droplets

using an additional device based on cut wire [17], which
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Component composition of aqueous solutions of polymers and their properties

� Denomination of composition
Polymer concentration Mass ratio

µ, mPa·s σ , mN/m ρ, kg/m3

in the solution (ϕ), mg/ml ALG :HEC

1 0.5mg/ml ALG+HEC 0.5 5 : 1 4.68 53.0± 0.2 955

2 2.5mg/ml ALG+HEC 2.5 5 : 1 18.93 56.4± 0.1 1003

3 5mg/ml ALG 5 − 205 58.6± 0.2 1021

main disadvantage is the loss of liquid resulted from

the flow cutting. Other approaches are the electrostatic

and vibration external impact on the nozzle tip [3,18,19],
which fine tuning for a specific liquid allows achieving the

desired results in terms of monodisperse distribution of

drop sizes. The quoted studies show, that the controlled

breakup of microjets into microdrops due to an external

impact (electrostatic field, inverse piezoelectric effect) has

a number of disadvantages, including, first of all, the fine

tuning of the system for the certain liquid composition,

and, in addition, the passivity of viscous liquids (for
example, polymer solutions) in response to such impact.

Thus, experiments with promising unique (heterogeneous,

Newtonian) compositions used or having a potential for

use in a specific practical application are currently in

demand and actual for the purpose of forming a general

theoretical basis. In this work, we are focused on the

experimental studying of the detailed morphology of laminar

microjet flow of sodium alginate aqueous solutions with and

without addition of hydroxyethyl cellulose (as a solution

thickener) downstream of the nozzle, which is exposed to

an external vibration impact due to implementation of the

inverse piezoelectric effect, with distinguishing characteristic

modes. The studying of flow morphology will include

features of microjet and microdrop flows taking into account

poly- and mono- dispersity of the drop size distribution. This

task has an applied significance for the technologies based

on the in-air microfluidics, which are currently the subject

of the most advanced research activities in the field of

”
drop−jet“ type interactions [3,6,18,20–22] with

”
complex“

liquids.

This experimental investigation is motivated by the

detailed study of the approach of controlled breakup

of biocompatible polymers aqueous solutions under the

inverse piezoelectric effect proposed in [3]. Ac-

cording to the authors, the investigation detailing is

needed to identify behavioral patterns (systems of ar-

rangement within flow) of main and satellite micro-

drops and conditions of transitions between them, as

well as the conditions that prevent formation of the

latter. This reflects the scientific novelty and practi-

cal significance of the works with regard to the tech-

nologies of additive manufacturing of three-dimensional

modular structures using methods of in-air microflu-

idics [3,6,18].

1. Materials

To investigate the process of microjet breakup, we

used aqueous solutions of sodium alginate without and

with addition of hydroxyethyl cellulose (with a mass ratio

of 5 : 1, respectively) as a thickener and as a viscosity

controller in general. Sodium alginate (ALG) — a

linear polysaccharide — is widely used in many biological

engineering applications, for example, in three-dimensional

bioprinting [3]. Hydroxyethyl cellulose (HEC) — an amino

acid of vegetable origin — is used in hydrogels [23]
to achieve slower release of water as compared to the

solutions based on sodium alginate only, has an effect on

the absorption of water and biodegradation of the final

material. Both polymers are water-soluble, bio-compatible,

and capable of biodegradation. The table lists solutions

used and specifies their properties: dynamic viscosity (µ),
surface tension coefficient at the

”
liquid−air“ interface (σ ),

and density (ρ).

Viscosity of investigated liquids was determined with a

Brookfield DV3T LV rotational viscometer (with a accuracy

of ±1%, a measuring range of 1−6 · 106 mPa · s). The table

presents mean values of viscosity measured at shear rates

of 10 and 50 1/s. The surface tension coefficient at

the
”
air−liquid“ interface was determined by the method

of du Nouy (semistatic method to determine the surface

tension) using a Kruss K20 tensiometer (with an accuracy

of ±1%, a measurement range of 1−999mN/m). Density

of liquids was determined by the picnometer method.

To minimize the random error, at least three series of

measurements were performed for each sample under

identical conditions.

Molecular masses (Mw) of polymers used in this study

were 215 ± 35 kDa for the salt of alginic acid (sodium
alginate ) and 90 kDa for HEC. The value of Mw for

HEC is provided by the manufacturer (Sigma−Aldrich).
Values of Mw for sodium alginate are evaluated on the

basis of rotational viscometry data (see the table) and

the data yielded from the Mark−Kuhn−Houwink equation

[µ] = KMα
w for the relation between the characteristic

viscosity of polymer in solution and its molecular mass,

where [µ] — characteristic viscosity, [dl/g], K and α —
constants for a specific polymer−solvent system.

Relaxation times of stresses in the polymer solutions

in question are determined from relationship (1) for the

calculation of filament diameter d f at a moment of time t,
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Figure 1. Experimental stand diagram (a); schematic sketch of the frame to fix the needle, side view (b): 1 — syringe pump, 2 — frame

to fix the needle, 3 — piezoactuator, 4 — nozzle-hollow needle, 5 — high-speed video camera, 6 —- PC, 7 — system to apply and

amplify signal, 8 — power supply unit, 9 — lighting system, 10 — hose for polymer pumping.

which is an asymptotic solution to the equation for thin

Maxwell fluid filament with the assumption of uniaxial

extension of the cylinder connecting two spheres [24].
Microdrops are separated from the microjet of polymer

liquid in the conditions of preliminary formed thin liquid

filaments between future microdrops [7]. Diameters of these

filaments d f are measured in this work:

d f = d f 0 exp

(

−
t
3τ

)

, (1)

where τ — liquid relaxation time, [ms], d f 0 — initial

filament diameter, [m].
Time t was calculated as t = (d f 0−d f )/U j , where U j —

microjet velocity, [m/s], determined as a ratio of actual

liquid flowrate (m3/s) to the cross-section area of microjet

flow (m2).

2. Experimental stand

Fig. 1 shows the experimental setup intended to imple-

ment controlled breakup of a polymer liquid microjet into

monodisperse microdrops under the inverse piezoelectric

effect.

The polymer was supplied by a SPLab02 syringe pump

with the possibility to install syringes with Luer Lock type

connection. This pump is designed to pump liquids with

ultra-low flowrate (0.831 nl/min−152.9ml/min) and high

dosing accuracy (±0.5%). A calibration curve is plotted

showing the difference between actual (measured) flowrates

of polymers solutions in question and values set on the

pump (Fig. 2). The actual flowrate is measured with the use

of volumetric glassware by determining the volume of liquid

pumped during 1min. In all calculations and in figures the

actual liquid flowrate is used.

The liquid was supplied by a blunt tip syringe needle

(with a metal part length of 4 cm, an inner diameter

of 0.21mm, and outer diameter of 0.4mm). To fix the

needle, a frame with required process holes (Fig. 1, a) was

developed and printed out on a photopolymer 3D-printer.

The plastic part of the needle was inserted into the grooves

of the frame to be securely fixed, and metal part of the

needle was placed in a special channel with a cross-section
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of 2× 2mm (Fig. 1, a). At a distance of 10mm from the

nozzle tip a square hole with a square side of 1.75mm was

made in the frame normally to the channel for the metal

part to install a piezoactuator (Fig. 1, b).

The water-polymer solution flow was broken up us-

ing a multilayered piezoelectric actuator with dimensions

of 1.75 × 1.75× 5mm (maximum working part travel is

0−3.8µm, working stress range is U = 0−100V). To

supply a stimulus signal to the piezoactuator and amplify it,

a system was used consisting of a ADC module, a voltage

amplifier, and a buffer voltage amplifier.

The external L-Card E14-140M ADC module connected

to the PC via USB-port generated the stimulus signal. The

working actuator knocked the needle surface in response

to the stimulus signal. To set the signal, a program was

written in the Labview software (National Instruments).
This program allows generating of any signal profile, as

well as setting the AC frequency ( f = 0−2 kHz), which

is numerically equal to the number of piezoactuator oscil-

lations. In this study the signal profile was represented by

meander — a bipolar square signal. Current frequency f in

this study varied from 200 to 1200Hz.

To amplify the signal from the ADC module (5V), a
LM 4766t microchip (Texas Instruments) with operational

amplifier was used. The implemented circuit of bridge

amplifier allows supplying a voltage of ±30V to the

piezoactuator. As a result, the maximum peak-to-peak

voltage was as high as 60V, which actually characterizes

the piezoactuator compression at supply of +30V and

its expansion at −30V. The amplifier was powered by a

QJ3005G III power supply unit (with an output voltage

of 0−30V in each adjustable channel, a setting accuracy

of 0.1 V, an output current of 0−5A in each adjustable

channel, a setting accuracy of 0.01A).

To prevent short circuiting, a buffer amplifier circuit us

assembled in the ADC module in tended to match the out-

put resistance of the signal source to the input resistance of

the load. The system of buffer amplifier included L7812CV,
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Figure 2. Calibration curve for the set and actual flowrates of

polymer solutions.

L7912CV voltage stabilizers (ST Microelectronics) intended
to keep the output voltage in a narrow range at significant

changes in the input voltage and output current of the load,

as well as a TL072 microchip(Texas Instruments).

The process of liquid jet breakup was video-recorded

from the side at an angle of 90◦ in relation to the

jet axis, using a Phantom Miro M310 high-speed video

camera (with a recording rate of 10000 fps, a resolution of

256× 800 pixels). The backlighting system to support the

high-speed
”
shadow“ video-recording included a GSVITEC

MultiLED G8 power supply unit and two GSVITEC Multi-

LED QT spot lights with diffusors for light scattering.

3. Results and discussion

In all performed experiments the flow was broken up

by two methods. The first method is a natural breakup

of the polymer flow without the use of piezoactuator, i. e. a

breakup resulted from the natural Rayleigh−Plateau instabil-

ity. The second method assumes the use of a piezoactuator

at a voltage of ±30V and f = 200−1200Hz. An external

impact on the nozzle in the form of vibration resulted

from the implementation of the inverse piezoelectric effect

allows achievement of a controlled microjet breakup, where

separation of monodisperse drops of the same size takes

place, with the drops flowing within the controlled system

of microdrop arrangement in the flow. In the following,

we have investigated how the unsteady behavior of the

microjet (in terms of morphology) depends on the polymer

concentration (section 3.1.), solution flowrate (section 3.2.),
and current frequency of the external impact (section 3.3.),
with taking which into account microdrops can be ordered

in the flow under the effect of vibration perturbation.

3.1. Influence of polymer concentration in the

solution on the capillary breakup of the

microjet

To study the influence of polymer concentration in the

solution (see the table) on the controlled microjet breakup

under the effect of external vibration impact, experiments

were performed at a constant liquid flowrate of 5ml/min

and f = 1000Hz.

In the course of experiments for all investigated liquids

a controlled microjet breakup under piezoelectric effect

was found starting from a perturbation current frequency

of 1000Hz. The separation of main drops from the microjet

takes place in the conditions of formation of a thin liquid

filament (a jumper or a little bridge; these structures are

also known as
”
beads-on-string“ [7,25–27]) (Fig. 3), that

becomes thin quickly and destabilizes into separate satellite

microdrops with a size from a few micrometers to tens of

micrometers. For the 5mg/ml ALG solution, the length

of microjet breakup is decreased by 20% as compared with

the case of natural Rayleigh−Plateau instability (Fig. 4). The

Technical Physics, 2023, Vol. 68, No. 1
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1 mm

Figure 3. Formation of liquid filaments between microdrops of

the 5mg/ml ALG polymer solution at a liquid flowrate of 5ml/min

(Uj = 0.55m/s) and f = 1000Hz.

1 mm

a b

Figure 4. Visualization of the microjet breakup process

for the 5mg/ml ALG polymer solution at a liquid flowrate

of 5ml/min (Uj = 0.55m/s) and f = 1000Hz: a — controlled

Rayleigh−Plateau instability (the
”
by groups“ mode); b — natural

microjet instability without external impact.

feature consists in the microjet breakup by groups of 2−4

main drops each (Fig. 4, a).

1 mm

a b

Figure 5. Visualization of the microjet breakup process for

the 2.5mg/ml ALG+HEC polymer solution at a liquid flowrate

of 5ml/min (Uj = 0.56m/s) and f = 1000Hz: a — controlled

Rayleigh−Plateau instability (the
”
by groups“ mode); b — natural

microjet instability without external impact.

As a rule, this is followed by a quick coalescence of

the satellite drops formed in this way with the main drops

moving upstream. It is found that the formation of liquid

bridges slows down and perturbs the microjet breakup

into monodisperse microdrops (main drops). With further

movement of the flow, the filament becomes destabilized

and the main microdrops move at a close distance to

each other in the
”
by groups“ mode. For the purpose of

comparison, Fig. 4, b shows unsteady behavior of a liquid

flow without external impact.

For the 2.5mg/ml ALG+HEC solution under an external

impact, the length of microjet breakup is decreased by 5%,

and the effect of vibration on the capillary microjet breakup

also consists in the separation of main microdrops by groups

of 2−4 drops each (Fig. 5, a), in contrast to the unordered

formation of microdrops in the case of natural microjet

instability (Fig. 5, b). However, in contrast to the 5mg/ml

ALG solution, in this case no liquid jumpers are observed

between microdrops within a group (Fig. 5, a). This effect

is explained by the setting for the 2.5mg/ml ALG+HEC

solution of a suitable optimum balance between the molec-

ular mass of polymers in the solution (215 ± 35 kDa for

sodium alginate and 90 kDa for HEC) and concentration

of the substances (see the table), intensity of the external

perturbation (current frequency of f = 1000Hz), and time

of stress relaxation (τ = 0.064ms) in polymer viscoelastic

microjets [7]. In the case of the 5mg/ml ALG solution

Technical Physics, 2023, Vol. 68, No. 1
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1 mm

a b

Figure 6. Visualization of the process of microjet breakup for the

0.5mg/ml ALG+HEC polymer solution at a liquid flowrate of

5ml/min (Uj = 0.55m/s) and f = 1000Hz: a — monodisperse

capillary breakup of a microjet with equidistant main drops under

the effect of forced perturbation; b — natural microjet instability

without external impact.

(higher concentration of the polymer) no HEC is used

and the relaxation time is higher (τ = 0.083ms). The

presence of liquid filaments between main microdrops in

such studies is an indirect indication of the presence of

viscoelastic properties (even their weak manifestation) of

the investigated polymer material [4,7].
With the capillary breakup of a microjet of the 0.5mg/ml

ALG+HEC solution, the main microdrops become nearly

equidistant from each other (Fig. 6, a) as compared to the

case of the natural microjet instability (Fig. 6, b). It means

that in contrast to two other investigated compositions

(Fig. 4, a, 5, a), no groups of 2−4 drops are formed in

this case, but a monodisperse breakup takes place with

a certain frequency correlated with the intensity of the

external vibration perturbation [7] caused by the inverse

piezoelectric effect (i. e. first of all due to the current portion,

which is supplied in a controllable manner). However,

the shape of main microdrops is not spherical, which is

most likely explained by a relatively low surface tension

coefficient (see the table), i. e. low ratio of the surface

energy to the area of free surface of the liquid, which is

insufficient to compensate for the longitudinal deformations

of the microjet caused by the forced perturbation (Fig. 6, a).
The perturbation wavelength, in turn, defines the period of

microjet oscillation at a longitudinal deformation [4,7].
Thus, an increase in polymer concentration in the solution

results in the formation of groups of microdrops under

the capillary microjet breakup (2.5mg/ml ALG+HEC

and 5mg/ml ALG solutions) and emergence of
”
beads-

on-string“ type structures, which destabilize the microjet

breakup process (the 5mg/ml ALG solution). As it was

noted earlier, due to the increase in polymer concentration

and stress relaxation time a deviation takes place from

the optimum balance [7], that defines the monodisperse

microjet breakup in terms of both the size of main

microdrops and the ordering of their movement (in the

absence of satellite drops) with equal distance of the drops

from each other. The obtained results correlate qualitatively

with the conclusions made in [7,28].

3.2. Influence of liquid flowrate on the capillary
microjet breakup

To evaluate the influence of liquid flowrate variation

on the unsteady microjet behavior, experiments were per-

formed at liquid flowrates of 4−26ml/min with a set current

frequency ( f = 1000Hz) of the external perturbation for

three investigated water-polymer solutions. Three modes

of microjet flow observed at different liquid flowrates are

distinguished. Fig. 7 shows typical frames for these modes

for the example of 2.5mg/ml ALG+HEC solution.

At low liquid flowrates (5−8ml/min) the laminar flow of

microjet has almost linear profile with hardly distinguishable

perturbation amplitude and wavelength, i. e. the microjet

under a perturbation impact has minimum curvature in

relation to the flow axis (Fig. 7, a). With the liquid

flowrate increasing up to 9−10ml/min, a progression of

1 mm

a b c

Figure 7. Visualization of the process of microjet breakup for the

2.5mg/ml ALG+HEC polymer solution at an external vibration

perturbation current frequency of f = 1000Hz and the following

liquid flowrates: a — 5−8; b — 9−11; c — 12−26ml/min.
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microjet curvature is observed. It is reflected in a form of

wavy deformation of the microjet profile in relation to the

flow axis with a relative increase in perturbation amplitude

and wavelength (Fig. 7, b). With further increasing liquid

flowrate up to 12−26ml/min, the perturbation amplitude

and wavelength decrease significantly, while the microjet

profile becomes saw-toothed (Fig. 7, c) with noticeably

reconfiguring period of the oscillation.

Microjet behavior under the action of forced perturbation

has a strong effect on the character of its breakup into

main microdrops. The investigation of behavioral patterns

(systems of arrangement in the flow) of main microdrops

in conditions of liquid flow variation has shown that

at 5−9ml/min for the 0.5mg/ml ALG+HEC solution a

capillary breakup into disperse microdrops takes place,

where the microdrops move equally distant from each other

at least over a distance of 15−20 diameters of main

microdrops from the point of microjet breakup (Fig. 6, a
and 8, a). At the same time, for 2.5mg/ml ALG+HEC

and 5mg/ml ALG solutions, at a liquid flowrate of

4−5ml/min the mode of breakup
”
by groups“ of 2−4 main

microdrops is noted, which is replaced by the monodisperse

breakup even at a flowrate of 5−6ml/min, depending on

the liquid. For the 2.5mg/ml ALG+HEC solution, the

monodisperse breakup into microdrops was observed at a

flowrate of 6−8ml/min, and for the 5mg/ml ALG solution

it was observed even at 5−6ml/min. At the same time,

when liquid flowrates were 5−8ml/min, mean (arithmetic)
diameter of formed microdrops (d) appeared to be the

largest (d ≈ 0.23mm) as compared with higher liquid

flowrates. With increasing flowrates of liquids under test

the breakup into microdrops has a monodisperse, irregular,

but forecastable pattern. This is manifested in an offset of

the microdrop flow path from the vertical axis, which is

correlated with the positive and negative curvature of the

microjet profile under a perturbation (Fig. 7, b), as well

as in the possibility to forecast the arrangement of main

microdrops in the flow (by groups of 2−4 microdrops)
(Fig. 8, a). When the liquid flowrate was 10−24ml/min

for the 5mg/ml ALG solution and 18−26ml/min for two

other liquids, the microdrop path was mainly coincided with

the flow axis (Fig. 9), however in this case the external

perturbation has completely disturbed the mechanism of

microdrop separation (the Rayleigh−Plateau instability). At
the same time, the condition of breakup polydispersion with

significantly non-homogeneous space between the flowing

microdrops has become relatively stronger (Fig. 7, c).
To summarize the morphological observations of laminar

flow behavior of water-polymer solutions before and after

breakup into microdrops, Fig. 8, a shows a chart of modes

of microjet flow (see regions of different color) and breakup

into microdrops (see shaded regions with different geomet-

ric symbols), demonstrating their boundaries in terms of

liquid flowrates and polymer concentrations in solutions.

The chart is plotted in a range of liquid flowrates of

4−26ml/min and at a set external perturbation current

frequency of ( f = 1000Hz).

As a result of the analysis of microjet flow modes

(Fig. 8, a), it was found that with an increase in the polymer

concentration in the solution linearly profiled microjets

(without deformation from an external perturbation) are

observed in a wider range of liquid flowrates. The obtained

result may be related to the amplifying influence of the

liquid viscosity, when polymer concentration in the solution

increases, as well as to a decrease in stress relaxation time

in polymer materials. For the 5mg/ml ALG solution, a

microjet with a linear profile is observed at liquid flowrates

of 4−8ml/min. At the same time, for the 0.5mg/ml

ALG+HEC solution microjets with this type of profile are

only observed at liquid flowrates of 5−6ml/min. Critical

values of stress relaxation times (for the polymer system

return to the equilibrium state) determining the transition

to another mode of microjet flow will be lower, the

higher is fluid flowrate. In particular, for the 0.5mg/ml

ALG+HEC solution the critical value of τ is 0.061ms at

a liquid flowrate of 6ml/min, while for the 5mg/ml ALG

and 2.5mg/ml ALG+HEC solutions critical values of τ are

approximately the same and equal to 0.050 ± 0.003ms at a

liquid flowrate of 9ml/min. Fig. 8, a also shows other modes

of microjet flow (microjet with wavy profile, microjet with

sawtooth profile) and the transition between them, which

is connected in a similar way to the liquid flowrate and

polymer concentration in the solution. Also, to summarize

theoretically the morphological observations, a chart of mi-

crojet flow modes is built up using dimensionless similarity

criteria (Fig. 8, b) — Ohnesorge numbers, Oh =
µ

√

σρD , and

Reynolds numbers, Re =
ρUj D
µ

, where D — diameter of

the microjet, [m]. It can be seen, that, in general, with

increase in viscous forces the formation region of microjets

with linear profile is extended significantly. At the same

time, in particular (for each liquid individually), growth of

the Re number results in the above-described successive

change of microjet modes. Transition between modes can

be qualitatively described by a power function. Physical

parameters of microjet, including those under analysis, are

shown in Fig. 9 for clarity.

Meanwhile, the analysis of modes of microjet breakup

into microdrops for the 0.5mg/ml ALG solution has shown

that monodisperse breakup is inherent for a rather wide

range of liquid flowrates — 5−9mg/ml. It means that there

are conditions of the controlled monodisperse breakup into

microdrops, where the microjet profile before the capillary

breakup can be both linear and wavy. This result confirms

significance of the the forced vibration excitation intensity,

which is responsible for the amplitude and wavelength of

the microjet perturbation that, in turn, are dependent on the

liquid flowrate to a significant extent. However, the intensity

is strongly connected to the nature of the liquid itself

(molecular mass of the polymer, its concentration in the

solution, and stress relaxation if the material has even weak

viscoelastic properties) [7]. An increase in polymer concen-

tration in the solution makes narrower the range of liquid

flowrates typical for the mode of monodisperse breakup into
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Figure 8. Chart of modes of microjet flow and breakup into microdrops with indicated boundaries of transitions between them,

represented via liquid flowrates and concentrations of polymer in the solution (a) and via dimensionless similarity criteria Oh and Re (b);
f = 1000Hz.

microdrops. Fig. 8 also shows another differences in the

determination of boundaries between the modes of breakup

into microdrops. The identified shifts of liquid flowrate

ranges for the compounds under study are determined

by adjustment of the balance between parameters of the

external excitation and the nature of the liquid that interacts

with this impact. Also, the formation of
”
beads-on-string“

type structures for the 5mg/ml ALG solutions at liquid

flowrates of 7−26ml/min (Fig. 3) should be included in the

set of features of the unstable behavior related to the nature

of liquid with viscoelastic properties. With a growth of

liquid flowrate the liquid bridges become larger in diameter

and length, which promotes polydispersity of microdrops

in the flow. However, at a liquid flowrate of 7−9ml/min

the coalescence of satellite microdrops is relatively quick,

therefore the mode is conventionally named monodisperse,

by groups of 2−4 main microdrops.

In the case of simultaneous analysis of microjet flow and

breakup to microdrops modes, it is important to note that

the intensity of vibration excitation, which is dependent on a

number of above-mentioned factors, excites a laminar flow

providing for the diversity of amplitudes and wavelengths

within the microdjet. The mode of monodisperse breakup

into microdrops can be established at these set characteris-

tics. In the literature, for the purpose of universalization of

the unstable flow behavior dimensionless and dimension pa-

rameters are often used [7,28]: wave number k (k = πDλ−1
w

where D — microjet diameter, [m], λw — wavelength of
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Figure 10. Dependence of microjet breakup length l j on microjet

velocity Uj for three liquids under study at liquid flowrates of 5,

10, 15, and 20ml/min (correspond to point positions within the

curves, from left to right) and f = 1000Hz.

microjet perturbation, [m] (Fig. 9)), dimensionless perturba-

tion amplitude δ/D or 2δ/D, where δ — initial amplitude of

the microjet perturbed by an external impact, [m] (Fig. 9),
as well as length of microjet breakup l j , [m].
In particular, an attempt is made to identify the depen-

dence of microjet breakup length l j (schematically shown

in Fig. 9) on its velocity U j . Fig. 10 shows that growth

of velocity U j in all cases resulted in an increase in values

of l j at f = 1000Hz. At the same time an increase in

polymer concentration in the solution up to 5mg/ml allowed

achievement of a significant increase (up to 50%) in values

of l j at increased flowrates (15 and 20ml/min), which most

likely is connected to the more noticeable manifestation of

the contribution of increased viscosity and surface tension

coefficient for the most concentrated polymer solution (see
the table) at increased values of U j .

3.3. Influence of the external perturbation current
frequency on the capillary breakup of
microjet

To find out the role of the external vibration perturbation

current frequency in the formation of behavior patterns

(systems of arrangement in the flow) of main and satellite

microdrops, the capillary breakup of all solutions under test

was investigated at a liquid flowrate of 6ml/min and f
values of 0, 400, 800, 1200Hz. Fig. 11 shows results of

such investigation for the 0.5mg/ml ALG+HEC solution.

First of all, with activation of the piezoactuator a clear

increase in the microjet breakup length l j by 7% is noted

in comparison with the case of its natural instability without

external impact. However, at the same time average values

of l j decrease with the growth of f (at f = 800Hz l j

is decreased by 3−4% in comparison with f = 400Hz,

while at f = 1200Hz l j is decreased by another 17%),
as well as the diameter d of microdrops separating from

the microjet (Fig. 11). At f = 400Hz the microjet starts

breaking up in the
”
by groups“ mode with long intervals out

of the groups of microdrops (Fig. 11, b). When f = 800Hz,

the phenomenon of drop grouping is not so noticeable,

because distances between drops tend to the equidistant

case (Fig. 11, c). These conditions can be denoted as

transient, because at f = 1200Hz a steady monodisperse

microjet breakup is achieved. The formed microdrops

1 mm

a b dc

Figure 11. Visualization of the process of microjet breakup for

the 0.5mg/ml ALG+HEC polymer solution at a liquid flowrate

of 6ml/min and the following frequencies of the external vibration

excitation current, f : 0 (a), 400 (b), 800 (c), f = 1200Hz (d).
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have a homogeneous shape (close to the spherical shape)
and nearly identical sizes, and they are also equidistant

to each other in the flow with insignificant and rare

deviations, at least within a distance of 15d−20d in relation

to the microjet breakup region (Fig. 11, d). At f ≥ 800Hz

changes in l j and d become less noticeable and forecastable

with increase in polymer concentration in the solution. The

latter fact is related to the formation of liquid bridges, which,

as it was mentioned above, slow down and disarrange the

capillary breakup of the microjet.

Varying the values of f with keeping constant other

system parameters is an effective and giving the most good

forecasts tool to adjust behavior patterns of microdrops

after the capillary microjet breakup, their homogeneity in

terms of shape (spherical) and physical size, as well as

to determine values of l j . The reliability of forecasting is

due to the fact that the liquids under study, i.e. diluted

polymer solutions, have demonstrated involvement in the

above-described patters at the same values of f with the

trends kept as related to the geometric shape and physical

size, as well as values of l j .

Conclusion

The cause of formation of the system of grouped

arrangement of microdrops in a flow after the capillary

microjet breakup is determined. It is shown that
”
beads-

on-string“ type structures for the 5mg/ml ALG destabilize

the process of microjet breakup. Cases are recorded when

no satellite microdrops are formed from the liquid filaments

between main microdrops. Three modes of microjet

flowing and three modes of breakup of laminar microjet

flow into microdrops are distinguished. The influence of

viscosity and surface tension coefficient of the liquid on the

change in the microjet breakup length at increased liquid

flowrates (15 and 20ml/min) is shown. Conditions of

the controlled monodisperse breakup into microdrops are

determined, where the microjet profile before the capillary

breakup can be both linear and wavy. The significance of

adjustment of the optimum balance between the molecular

mass of polymer in the solution, the intensity of external

perturbation, and the stress relaxation time in polymer

viscoelastic materials to achieve the monodisperse microjet

breakup with equidistant arrangement of main microdrops

in the flow is demonstrated. It is found that the adjustment

of external vibration perturbation current frequency with

keeping constant other system parameters is the most

reliable tool to forecast behavior patterns of microdrops

after the capillary microjet breakup, their homogeneity in

terms of spherical shape and physical size, as well as values

of the microjet breakup length.
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