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A B S T R A C T

Formation of surfactant-laden aqueous drops by liquid flow through a capillary is studied and compared with
two reference pure liquids, water and low viscosity poly(dimethylsiloxane). Attention is paid to two transitions:
(i) between regimes with and without satellite droplet formation and (ii) from dripping to jetting. It is shown
that transition from dripping to jetting occurs at critical Weber number WeJ =1.2 ± 0.1 based on dynamic
surface tension on the flow timescale. Critical Weber number for transition to the regime without satellite
droplets depends noticeably on the liquid surface tension and therefore cannot be used as a single parameter
characterising this transition. Flow rate at transition decreases with decrease of surface tension for pure liquids
and solutions of surfactants with critical micelle concentration, CMC > 10mM. For solutions of surfactants with
CMC < 1mM transition to the regime without satellite droplets occurs at flow rates either larger or smaller than
that of pure solvent depending on concentration. Anomalously high transition flow rates are related to surfactant
redistribution during the time between the primary and secondary pinch-off.

1. Introduction

Drop formation is broadly used in industry: emulsification, spraying
and ink jet printing are a few examples of the numerous applications

which currently exist. Typical drop sizes required cover several orders
of magnitude from micrometres to millimetres and the corresponding
time scales of formation cover the range from sub-milliseconds to sec-
onds. At small flow rates, liquid drops are formed in the dripping
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regime, when the time interval between subsequent drops is constant
and drop size distribution is narrow. In what follows this regime is
called a stationary dripping. As the flow rate increases, the drop for-
mation becomes less regular with transition to regime called chaotic
dripping [1] or dripping faucet [2]. Finally transition to jetting regime
occurs where drops are formed due to the Rayleigh instability [1–4].
One more transition takes place inside the dripping regime. At small
flow rates, formation of the main drop is accompanied by formation of a
small satellite droplet, which is suppressed at larger flow rates [4–7].

Precise criteria for these transitions are vital for most applications,
because transitions affect drop size and size distribution, determine the
optimal throughput for a drop formation process and product quality.
For example, technologies enabling avoidance of satellite droplets for-
mation are of great demand in ink jet printing [8] and in spray-drying
[9], because satellites or fines can be easily misdirected by electric field
or air flow and therefore can considerably reduce the quality of final
product. Another example is production of hydrogel capsules for 3-D
cell culture, where capsules of mm-size were produced in dripping
mode [10], whereas those of sub-mm size were produced in the jetting
mode [11].

The behaviour of liquid flowing out of a nozzle is completely
characterised by four dimensionless numbers [5,6], namely Weber
number,

= =We ρu R σ ρQ π σR/ /in in
2 2 2 3 (1)

Ohnesorge number,

=Oh μ ρσR/ out (2)

gravitational Bond number,

=Bo ρgR σΔ /out
2 (3)

and the ratio of inner and outer nozzle radius Rin/Rout, where u is the
liquid velocity, σ is the surface tension, Q is the flow rate, μ is the dy-
namic viscosity of liquid, Δρ is the density difference between the liquid
in the drop and ambient fluid (Δρ∼ ρ, liquid density, if the ambient
fluid is air) and g is the acceleration due to gravity [1]. If Rin/Rout > 0.5
the effect of the wall thickness on the dynamics of the process can be
neglected [12].

The transition from dripping to jetting, which in fact is a transition
from absolute to convective instability was intensively studied for pure
liquids both theoretically and experimentally and summary of most
important results is given in Ref. [1].

Thorough studies on the formation of satellite droplets during
dripping of surfactant-free liquids have been published [5–7,12,13]
including both numerical simulations and experiments. The behaviour
of a satellite drop is determined by recoiling speed of the bridge after
primary pinch-off and the rate of secondary pinch-off. During dripping
from thin capillaries it is noted that the speed of recoil is sufficiently
large to repress secondary pinch-off thus no satellite droplet is formed.
An increase in the capillary size results in formation of a satellite drop
moving upward and often coalescing with the liquid remaining on the
capillary. At further increase of capillary size, the upward motion of the
satellite slowed down and after a certain threshold capillary size the
satellites moving downward were observed [12]. Suppression of sa-
tellite formation due to an increase of flow rate was not observed in this
study due to flow rate limitations, but was predicted in numerical si-
mulations and found experimentally in subsequent studies [5–7].

In line with Ref. [12] it was found in Ref. [7] that the ratio of inner
and outer capillary diameter is an important parameter for formation of
the satellite drops, which are formed only if this ratio exceeds 0.48. If
this is the case the transition to the regime where formation of satellite
drops is suppressed is determined by Weber number and depends much
less upon Bond number. From analysis of numerical and experimental
data for the drops of pure water (Oh < < 1) a parameter

K=We·Bo0.3921 (4)

was proposed to best characterise this transition. Satellite droplets
cease to form at K > 0.0125 [7]. In the more general case, the critical
Weber number for transition to regime without satellite droplets de-
pends also on Ohnesorge number [6].

Despite a very broad use of surfactants in industrial processes in-
volving drop formation, there are relatively few publications focussing
on surfactant-laden rather than surfactant free drops, with most at-
tention paid to kinetics of drop formation and the size of satellite drops
[12,14–19]. The effect of soluble surfactant on the dripping to jetting
transition and the transition to regime without satellite drops has not
been considered in the published literature. The work presented in this
paper addresses this issue using a series of cationic surfactants, alkyl-
trimethylammonium bromides with chain length C10-C16.

2. Experimental

The surfactants, decyltrimethylammonium bromide (C10TAB),
Acros organics, 99%; dodecyltrimethylammonium bromide (C12TAB),
Acros organics, 99%; hexadecyltrimethylammonium bromide
(C16TAB), Sigma, BioXtra, ≥99%; as well as sodium bromide, Sigma,
BioUltra, ≥99.5% and Poly(dimethylsiloxane) (PDMS), Sigma, density
820 kg/m3, were used as purchased. All solutions in concentration
range from 0.2 to 10 critical micelle concentrations (CMC) were pre-
pared in double-distilled water produced by water still Aquatron A
4000 D, Stuart. The values of CMC of surfactant solutions and equili-
brium surface tension, σe at concentrations above CMC are given in
Table 1.

The densities of studied solutions were measured by weighing
10mL of solution dosed by Eppendorf pipette and were found to be
similar to those of water for all surfactants solutions except C10TAB at
concentrations above CMC. However, the deviation of the density of
C10TAB at the maximum studied concentration 10 CMC from that of
water was below 1% and therefore can be neglected. The viscosities of
studied solutions were measured by a TA instruments Discovery-HR-2
rheometer in flow mode using cone and plate geometry with the angle
2O 0′ 29″ and a truncation of 55 μm. Viscosities of solutions of C16TAB
were similar to that of water. Noticeable increase in viscosity was found
only for solution C12TAB, 10 CMC and C10TAB 5 and 10 CMC (see
Supplementary material, S1). The dynamic surface tension was mea-
sured using a maximum bubble pressure tensiometer BPA-1S
(Sinterface, Germany).

The experiments were performed as follows: drops were formed
continuously at the tip of stainless-steel capillary with outer radius
Rout=0.905mm, inner radius Rin=0.735mm and length Lc= 43mm
at flow rates in the range from 0.1mL/min to 40mL/min using a syr-
inge pump Al-4000, World Precision Instruments, UK. The syringe
pump was equipped with 10mL syringe (BD PlastipakTM) for flow rates
up to 10mL/min and with 60mL syringe for higher flow rates. The
maximum Reynolds number in this study based on inner diameter of
capillary, Din, was Re= ρuDin/μ ∼ 580, i.e. flow conditions are well
within the laminar flow regime. As the hydrodynamic entrance length
Lh= 0.05ReDin [21] ∼ 42.5 mm for the maximum flow rate of 40mL/
min, fully developed flow is assumed at the capillary exit at all flow
rates studied. Flow rate was changed always from lower to higher va-
lues and after any change in the flow rate, the system was left for
0.5–5min for stabilisation depending on flow rate.

Table 1
Properties of surfactants used [17,20].

Surfactant C10TAB C12TAB C16TAB C16TAB+10mM NaBr

CMC, mM 60 15 0.9 0.1
σe, mN/m 39 39 37.5 37.2

Note, surface tension of PDMS is 17.2 mN/m, i.e. much lower than the minimum surface
tension of all studied surfactant solutions.
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The drop formation was followed using a Photron SA-5 high speed
video-camera equipped with Navitar, 2X F-mount objective at
5000–42000 frames per second with a resolution of up to 4 μm/pixel.

Image processing was carried out using ImageJ and Matlab.
The characteristic numbers calculated for liquids under study are

given in Table 2, where besides the aqueous surfactant solutions, PDMS
is included in the last column. The range for surfactant solutions takes
into account that the equilibrium surface tension changes from that of
pure water to that given in Table 1 and viscosity changes according to
S1. The calculation of the Weber numbers is based on equilibrium
surface tension and takes into account that the flow rate increased until
jetting regime was reached.

3. Results and discussion

3.1. Transition from dripping to jetting

For pure water transition from dripping to jetting was observed at
flow rate 37 ± 1mL/min which corresponds to a critical Weber
number WeJ=1.3. This value is in line with scaling analysis performed
in [5] showing that at Oh < < 1, WeJ should be O(1). According to
[4,5] WeJ only weakly depends on Oh below Oh < 0.02 and at
Oh=0.01, WeJ ∼ 0.8 at Bo=0.5 and WeJ ∼ 1.2 at Bo=0.3. Con-
sidering that for water Bo=0.11 and Oh=0.0039, the obtained value
ofWeJ=1.3 is in good agreement with results of numerical simulations
carried out in [4,5]. For PDMS our study gives WeJ ∼ 1.1. The small
difference between WeJ for water and PDMS is most probably due to
difference in the values of Bond numbers, as it decreases with an in-
crease of Bo. As all values of Bo and most values of Oh for studied
surfactant solutions are in-between the values for water and PDMS, it is
expected that for all surfactant solutions WeJ ∼ 1.1-1.3.

Results on transition from dripping to jetting for surfactant solutions
are presented in Fig. 1, where data for pure water and PDMS are also
presented for comparison. Note, the values of the equilibrium surface

tension for all considered solutions are close to each other at the same
concentration normalised by CMC. For solutions of C10TAB and C12TAB
the values of WeJ based on equilibrium surface tension are in the ex-
pected range, but for solutions of C16TAB at concentration 1 CMC and
lower as well as for all solutions of C16TAB+10mM NaBr, the tran-
sition takes place at considerably higher flow rates than expected from
equilibrium surface tension. Therefore for these solutions dynamic
surface tension should be taken into account [17]. The characteristic
time scales for flow can be estimated as =t R u/f in [5], being in the
range of 20–30ms for flow rates in the range of dripping to jetting
transition, 20-35 mL/min. This estimation is in good agreement with
values of time per drop (time span between the detachment of one main
drop to that of the next main drop) just before the dripping to jetting
transition found from the experiments (Fig. 2). Note, the experimental
errors for data in Fig. 2 are rather large because drop formation before
transition to jetting becomes less regular than in stationary dripping
regime.

Dynamic surface tension for solutions C12TAB, C16TAB and
C16TAB+10mM NaBr is presented in Figs. 3–5, respectively. Ac-
cording to Fig. 3, dynamic surface tension for the solution of C12TAB on
the timescale of flow at transition from dripping to jetting is very close
to equilibrium surface tension. That is why transition is described quite
well by critical Weber number based on equilibrium surface tension.
The same is true for C10TAB solutions. Solutions of C16TAB at

Table 2
Characteristic numbers for the liquids under study.

Solution/
liquid

C10TAB C12TAB C16TAB C16TAB+10mM
NaBr

PDMS

Bo 0.11–0.21 0.11–0.21 0.11–0.22 0.11–0.22 0.38
Oh, 10−3 3.9–9.4 3.9-7.8 3.9–5.4 3.9–5.5 7.3
We 10−5–1.0 10−5–1.0 10−5–1.0 10−5–2.5 3·10−5–1.1

Fig. 1. Flow rates for transition from dripping to jetting for pure liquids and surfactant
solutions. The values of Weber number at transition are based on equilibrium surface
tension.

Fig. 2. Time per drop before transition from dripping to jetting.

Fig. 3. Dynamic surface tension of solutions of C12TAB at concentrations used in study of
dripping to jetting transition. Equilibrium surface tension for concentration 0.5 cmc is
∼49 mN/m.
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concentrations c= 0.5 cmc and c=1 cmc are rather far from equili-
brium at the scale of tf. Taking into account dynamic surface tension
results in WeJ∼1.0 for both c= 0.5 cmc and c=1 cmc in good
agreement with results for C10TAB and C12TAB. Surface tension of so-
lutions C16TAB+10mM NaBr at c= 0.5 cmc and c=1 cmc are close
to that of water, as is the transition flow rate. The dynamic surface
tension still differs considerably from the equilibrium value at con-
centrations of 5 cmc and 10 cmc. Critical Weber numbers for these
concentrations calculated by using dynamic surface tension are similar
giving WeJ∼1.0. Therefore it can be concluded that, under the condi-
tions of this study, Weber number based on dynamic surface tension of
surfactant solutions on the flow timescale describes reasonably well
their transition from dripping to jetting.

3.2. Transition to regime without satellite droplets

3.2.1. Surfactant-free liquids
At small flow rates each main drop is accompanied by a satellite

droplet. The latter forms because immediately before detachment of the
main drop, the liquid filament connecting it with the liquid cone at the
capillary has two necks, one near the main drop, and another near the
capillary, called hereafter the top neck, (Fig. 6a, t= 0). After the pri-
mary pinch-off, when the main drop is released, the filament recoils
whilst the secondary, top neck thins due to its larger capillary pressure

when compared with the liquid cone and it eventually pinches off to
form a satellite droplet (Fig. 6a, video S2 for PDMS).

With an increase in flow rate the liquid bridge between the capillary
and the main drop becomes more elongated and the change in the ra-
dius between the filament and the cone becomes much less pronounced
(sf. Fig. 6a–c at t= 0). Nevertheless even in the case presented in
Fig. 6b (see S3 for the whole video) the difference in the capillary
pressure between the filament and cone is high enough to produce a
secondary pinch-off near the cone before the filament merges with the
cone. However due to smaller difference in the capillary pressure and
larger radius of the filament at transition to the cone, the time till
secondary pinch-off increases from ∼ 0.18ms for water at a flow rate
0.1 mL/min (Fig. 6a) to ∼ 0.45ms at a flow rate 4.5 mL/min (Fig. 6b).

At higher flow rates the recoiling process happens faster than the
thinning of the top neck near the liquid cone and the filament does not
detach at this position. However, as is seen from Fig. 6, the recoiling
produces a bulb and one more neck, called hereafter the bottom neck,
at the bottom of the filament. At small flow rates, this bottom neck thins
more slowly than the upper neck near the cone, but as the flow rate
increases and the thinning of upper neck slows down, the secondary
pinch-off moves from the top (Fig. 6b, S3) to the bottom neck (S4). For
water, this transition occurs at Q=5mL/min (We=0.025), whereas
for PDMS it occurs at Q=3mL/min (We=0.037). At flow rates close
to the threshold for top to bottom pinch-off transition there is one more
pinch-off producing a second satellite droplet (see S3 and S4). At higher
flow rates the part of the filament left near the capillary merges with
liquid cone and only one satellite is formed. This results in noticeable,
20–30 %, decrease of the size of satellite.

The kinetics of the bottom neck and the droplet connected to it
(marked in Fig. 6) are a result of complex interplay between capillary
pressure and inertia of the imposed liquid flow from the capillary. As is
shown in Fig. 7, immediately after the primary pinch-off, the size of
both neck and droplet increases due to recoiling. When the difference in
size becomes large enough, the capillary pressure in the neck dominates
and the neck diameter begins to decrease. The time interval between
the primary pinch-off and beginning of the decrease of the diameter of
the bottom neck increases with an increase of flow rate, i.e. with an
increase of the flow rate a larger difference between the droplet and
neck diameter is necessary for capillary pressure to overcome the liquid
inertia. The rate of the neck thinning decreases with an increase of flow
rate. At certain critical flow rate (7.9 mL/min in Fig. 7) inflow into neck
exceeds the outflow due to capillary pressure and the neck begins to
increase and the droplet eventually merges with the cone as shown in
Fig. 6c (video S5 for PDMS).

For pure water, satellites disappear at flow rate Q ∼ 7.8 ± 0.1mL/
min (WeS=0.06); for PDMS they disappear at Q ∼ 4.9 mL/min
(WeS=0.10) as shown in Fig. 8. Calculations according to Eq. (4) give
noticeably lower values of critical Weber number for transition to sa-
tellite free regime WeS=0.03 for water and WeS=0.018 for PDMS,
giving lower value for PDMS than for water. This discrepancy could be
due to the fact that our study was carried out for higher values of
Ohnesorge number and lower values of Bond numbers than experi-
mental study in [7]. The effect of Ohnesorge number was not con-
sidered in [7], whereas according to [6] critical Weber number depends
considerably and non-linearly on the Ohnesorge number. In the present
study, both Ohnesorge and Bond number change mainly due to change
in the surface tension, therefore it is impossible to separate their con-
tributions. Qualitatively it can be concluded that for the range of
parameters of this study (Bo < 0.4, Oh < 0.1) a decrease in the sur-
face tension results in an increase WeS for pure liquids. Since WeS for
pure liquids depends on surface tension, we will consider this transition
for surfactant solutions in terms of flow rate/surface tension, keeping in
mind that for pure liquids the transitions flow rate QS decreases with a
decrease of surface tension. The reference to Weber numbers will be
given where appropriate.

Fig. 4. Dynamic surface tension of solutions of C16TAB at concentrations used in study of
dripping to jetting transition.

Fig. 5. Dynamic surface tension of solutions of C16TAB+10mM NaBr at concentrations
used in study of dripping to jetting transition.
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3.2.2. Surfactant solutions
It is seen from Fig. 8 that the data for solutions of C10TAB and

C12TAB are in good agreement with the data for pure liquids. It was
shown above that at transition from dripping to jetting these solutions
behave similarly to pure liquids with surface tensions equal to the
equilibrium values. Transition to the regime without satellite droplets
occurs at considerably lower flow rates, i.e. at larger time scales. Fig. 9
presents the results for the timescale of drop formation for solutions of
C12TAB. According to Fig. 8 transition to the regime without satellite
droplets for these solutions occurs between at 6mL/min < Q < 7mL/
min. This gives timescale for formation of the main drop ∼ 0.17 s.
Dynamic surface tension at this timescale (Fig. 3) is equal to the

equilibrium value for micellar solutions and close to equilibrium for
c=0.5 cmc. That is why solutions of C10TAB and C12TAB behave like
pure liquids (without any dynamic effects related to surfactant redis-
tribution) also in transition to regime without satellite droplets.

The situation changes for solutions with slower equilibration rate,
C16TAB and C16TAB+10mM NaBr (Figs. 4 and 5). Transition occurs at
even higher flow rates than those for pure water for C16TAB at c < 5
CMC and C16TAB+10mM NaBr at c > 2 CMC.WeS for these solutions
based on dynamic surface tension at the corresponding time scale is
considerably higher than that for C10TAB and C12TAB. For 1 CMC so-
lution of C16TAB and 10 CMC solution of C16TAB+10mM NaBr dy-
namic surface tension on the time scale of drop formation at transition
(0.17–0.21 s) is ∼44–50mN/m, giving WeS=0.12-0.13, even higher
than WeS for PDMS. Moving of the secondary pinch-off from the top
(near the capillary) to the bottom (at the bottom of filament) position

Fig. 6. Formation of satellite droplet by water dripping: a−Q=0.1mL/min, b−Q=4.5mL/min, c−Q=7.9mL/min; t= 0 corresponds to the primary pinch-off.

Fig. 7. Kinetics of droplets (empty symbols) and necks (filled symbols) formed at the
bottom end of recoiling filament depending on flow rate; t= 0 corresponds to the pri-
mary pinch-off of the main drop.

Fig. 8. Transition to regime without satellite droplets for pure liquids and surfactant
solutions.
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for these solutions also occurs at higher flow rate than for pure water.
For example, for solution of 5 CMC of C16TAB+10mM NaBr, this
transition was observed at Q=6.5mL/min.

Comparison of recoiling rate of surfactant solutions and pure water
(as found from the slope of linear fitting of curves in Fig. 10) shows that
at the same flow rate, Q=6mL/min, the recoiling rate for solution of
C12TAB is slower than that of water with recoiling rate ratio being ∼
1.4. At the same time the thinning of the secondary neck also slows
down due to smaller capillary pressure in the surfactant solution. The
time between the primary and secondary pinch-off increases from
0.5 ms for water to 1ms for solution of 10 CMC of C12TAB, i.e. neck
thinning slows more than recoiling. As a result, transition to the regime
without satellite drops moves to a lower flow rate.

For solution of C16TAB+10mM NaBr, 10 CMC the dynamic surface
tension in the range of flow rates 7–10mL/min (based on time per drop
0.17–0.21 s) is 44–50mN/m (Fig. 5). However the recoiling rate is si-
milar to that of water (Fig. 10) indicating the depletion of surfactant
from the pinch-off region during the bridge thinning [16,17,22,23],
resulting in a surfactant concentration at the neck at the moment of
pinch-off close to zero. At the same time the surface tension in the parts
of the filament away from the neck should be lower, because the sur-
factant is transferred there from the pinch-off region. Indeed, it is seen
from Fig. 11 that the neck thinning at the same flow rate, 7.5 mL/min,
takes longer and the maximum neck diameter is larger for 10 CMC

solution of C16TAB+10mM NaBr than for water, indicating that lower
surface tension is acting at the secondary neck for surfactant solutions.

For pure water the bottom neck thinning slows down with an in-
crease of flow rate (Fig. 7), as does the neck thinning for 10 CMC so-
lution of C16TAB+10mM NaBr at flow rates up to 7.5mL/min.
However, the thinning kinetics accelerates when the flow rate increases
above 7.5mL/min. The maximum rate of thinning was observed at
Q=8.5mL/min. Afterwards it begins to slow down with the increase
of flow rate with kinetics at Q=8.8mL/min being the same as at
Q=7.5mL/min. This anomaly in dependence of thinning kinetics on
flow rate is the reason for the higher flow rates needed for transition to
the regime without satellites. The anomaly in turn is the result of fur-
ther surfactant redistribution inside the filament. The accelerated
thinning kinetics indicates surfactant depletion from the secondary
neck at higher flow rates. However, this acceleration stops when the
surface tension at the neck becomes equal to that of pure water (at
Q=8.5mL/min). After that deceleration takes place as was observed
earlier for pure liquids.

The difference in the behaviour of surfactant solutions with high
and low CMC values is related to the difference in equilibration rates as
shown in Figs. 3–5. Surfactant with larger CMC equilibrates faster at the
same concentration normalised by CMC (i.e. at the similar equilibrium
surface tension) because of larger dimensional concentration and
therefore larger concentration gradients for the same change in the
surface tension. Another (less important) reason can be larger diffusion
coefficients of monomers and micelles for surfactants with shorter chain
length. For example the diffusion coefficient for monomers of C10TAB
estimated according to the Wilke-Chang correlation [24] is 4.5·10−10

m2/s, whereas that for C16TAB is 3.7·10−10 m2/s. Therefore the dy-
namic effects are less important for surfactants with high CMC values.
According to this study the dynamic effects can be neglected at
CMC > 10mM, but they should be always taken into account at
CMC < 1mM. C16TAB equilibrates faster than C16TAB+10mM NaBr
at the same normalised concentration. That is why the maximum flow
rate at transition to regime without satellite droplets is observed for
C16TAB at concentration 1 CMC, whereas for C16TAB+10mM NaBr
only at concentration≥ 10 CMC.

4. Conclusions

Transition from dripping to jetting, formation of satellite droplets in
dripping regime and transition to regime without satellites was studied
for water, low viscosity poly(dimethylsiloxane) and aqueous solutions
of alkyltrimethylammonium bromides with chain length C10-C16 in
concentration range 0.2–10 CMC.

Fig. 9. Time per drop for solutions of C12TAB depending on flow rate. In the studied
range of flow rates the drop size only slowly increases with flow rate and time per drop
t∼Q−0.94 ± 0.01.

Fig. 10. Recoiling of pure water and surfactant solutions after primary pinch-off.

Fig. 11. Time dependence of the diameter of the secondary neck before secondary pinch-
off for water and 10 CMC solution of C16TAB+10mM NaBr at various flow rates.

N.M. Kovalchuk, M.J.H. Simmons Colloids and Surfaces A 545 (2018) 1–7

6



Transition from dripping to jetting in surfactant solutions under
condition Oh< <1 and low viscosity of ambient fluid is governed by
Weber number calculated using dynamic surface tension on the flow
timescale. The critical Weber number for this transition is
WeJ=1.2 ± 0.1. Effect of gravitational Bond number is rather weak in
the range of 0.1 < Bo < 0.4.

At small flow rates, dripping from a capillary is accompanied by
formation of satellite droplets. An increase in the flow rate results in the
change of position of the secondary pinch-off from the top of the liquid
filament to its bottom and finally in transition to the regime without
satellite droplets. The Weber number of this transition depends on
surface tension and therefore is not used for transition characterisation.
The flow rate for the transition to the regime without satellite droplets
decreases with a decrease of surface tension for pure liquids. The so-
lutions of surfactants with high values of CMC > 10mM behave si-
milarly to pure liquids with surface tension equal to the equilibrium
surface tension.

For solutions of surfactants with CMC < 1mM the flow rate at
transition to the regime without satellites can be either larger or smaller
than that of pure solvent depending on concentration. The range of
concentrations at which transition to the regime without satellite dro-
plets occur at higher flow rates than for the solvent increases with a
decrease of CMC value. Those anomalously high transition flow rates
are related to surfactant redistribution during the time between the
primary and secondary pinch-off.
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