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When drops are formed at circular capillaries at high liquid flow rates, the relation between
surface tension and drop volume is often not linear but shows irregularities. These volume
bifurcations and other more complex pattern of detaching drops for pure liquids depend on the
bulk viscosity and the surface tension. In this study, it has been shown that liquids with high surface
tensions and low viscosities, such as pure water, show complex pattern of drop times. When the
surface tensions are much lower, such as for pure ethanol, and the bulk viscosity is high enough,
such as for water:glycerol mixtures with a glycerol content of 75% and more, the bifurcations
decrease or disappear.
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Mpu 06pa3oBaHUM Kanenb Ha Kanuaasapax KpPYrioro ceYeHus U BbICOKUX CKOPOCTAX MOTOKa
KUAKOCTU COOTHOLLEHME MENKAY MOBEPXHOCTHbIM HATAXEHMEM M OB6BEMOM Kamiu 4acto He
ABNAETCA SIMHEWHbIM, a NposaBaseT ocobeHHOCTU. Takme Budypkaumm obbema uau uHas, bonee
cnoxHaa $opma OTAENAWMXCA Kanenb, B C/y4ae UYWUCTbIX KMAKOCTEW 3aBUCAT OT 06bemHOM
BA3KOCTU M MOBEPXHOCTHOrO HaTAXeHuA. B faHHOM paboTe nokasaHo, YTO ANA KUAKOCTEW C
BbICOKUM MOBEPXHOCTHbIM HaTAKEHWeM, Hanpumep, A1 YMCTOM BOAbI, XapaKTEPHO CAOMHOe
pacnpegeneHme BPEMEHU KU3HWU Kanau. B cnyyasx, KOrga NoBEPXHOCTHOE HATAMXEHUE HAMHOTO
MEeHbLLUE, YeM Y BOApI, HAaNpUMep, A1 TaHoNa, U 06bemMHan BA3KOCTb AOCTaTOYHO BbICOKA, Kak,
Hanpumep, B CMECAX BOAA:INMULLEPUH C COAEPHKAHMEM INLEEPUHA He MeHee 75%, Takne budyprauum
MeHee CyLLeCTBEHHbI UM BOODLLE OTCYTCTBYIOT.

KnioueBble cnoBa: AMHaMMKA WUHAMBUAYANbHOW Kanau; TEH3MOMETPUA No meToay obbema
Kaniuv; ruapoAvHaMuUyeckme HeycTomumMBocTH; BudypKauum obbema Kanau; BAUAHME BA3KOCTM;
B/IVAHME NOBEPXHOCTHOIO HATANKEHUA.
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1. Introduction

Dynamics of drops and bubbles is an old and at the same
time modern topic in fluid dynamics. Recently, the review article
summarising many aspects of the coupling of dynamic inter-
facial aspects and fluid dynamics phenomena was published [1].
The combination of experiments based on single bubbles and
drops combined with simulations of various types turns out to be
an efficient approach to proceed from more empirical to
quantitatively understood phenomena [2].

The formation of tailored single drops and bubbles is
required in various technical applications, such as in the ink jet
printing [3] where drops of a definite size have to be produced in
a short time and the deposited on a certain material. Also in 3D
printing, drops of a molten material are deposited on a definite
place in the 3D space having a well-defined volume [4]. When
microfluidics is used for producing multiple emulsions [5] and
drop targeting in medical diagnostics [6], drops of an exact
volume have to be produced.

For more than 150 years, the drop volume tensiometry is
known as a method to measure the surface tension of liquids. It
was possibly first used in 1864 by the pharmacist Tate [12], who
took an exact number of drops to produce a definite volume of a
liquid medicine. Tate postulated that the weight W or volume V
of a drop detaching from a capillary with radius Mp 1S 8iVeEn by the
liquid’s surface tension y

W=2mr_y or VApg=2mr_y (1)

where Ap and g are the density difference and gravita-
tional constant. Later, Lohnstein [7,8] showed that Eq. (1) is only

arough estimation, and a correction factor has to be introduced
to apply it for an accurate measurement of surface tension.
More problems arise from a discussion of the dynamics of drop
formation on the basis of a fluid dynamics point of view [1]. It
becomes clear that the volume of a detaching drop of a pure
liquid is different for different growth rates of the drop [9], in
the way as the profile of a quickly growing drop deviates from
that of a drop at rest [10]. It was even shown that the volume of
drops formed under dynamic conditions do not obey a simple
linear relation with the surface tension, as given by Eq. (1) or
better by the corrected form

2m., f

cap

Apg

(2)

with the correction factor (f) introduced by Lohnstein [7]
and modified in [9] or later for viscous liquid in [11]. It was
experimentally observed that the volume of drops formed at
rather high liquid flow rates show bifurcations [12], i.e. there is
no exact volume for a given liquid at certain drop formation
times.

The goal of this work was to extend the experimental basis
towards the instability of drops detaching from circular
capillaries. As it was earlier shown, at certain liquid dosing
rates, the volumes of detaching drops show bifurcations with
pattern of various complexity. The presented data shows the
drop detachment stability for liquids with different viscosities
(water/glycerol mixtures) and different surface tension values
(water/ethanol mixtures). Increasing bulk viscosity and
decreasing surface tension improves the stability of drop
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detachments, i.e. lead to a damping of bifurcations in the
detaching drop volume. Our experimental results are in match
with the theoretical description of this phenomena considering
Rayleigh-Plateau instability as the cause of droplet detachment
from the capillary tip. Lowering the surface force or increase of
the viscosity results in a decrease in Rayleigh-Plateau instability.

The impact of surfactants providing additional dynamic
surface effects was not studied in this work.

2. Experiment

The used glycerol and ethanol have been purchased from
Sigma-Aldrich. The viscosities of the studied water/glycerol
mixtures were 3.7 and 36 mPa-s, for the 40% and 75% glycerol
content, respectively. The surface tensions of water, ethanol
and glycerol at room temperature were 72.3, 22.1 and
62.9 mN/m, respectively. All mixtures were prepared with
MilliQ water.

The details of the setup used for the determination of
drop times were described recently in [1]. In brief, liquid from a
reservoir flows smoothly (driven by the hydrostatic pressure)
through a valve and forms drops at the end of a tube with a
cylindrical capillary. A detector is provided at the down side of
the capillary to detect the detachment of drops, as shown in
Figure 1. The detector linked via an interface to a PC accurately
registers the time intervals between subsequent detachments.
With each detached drop, the liquid height in the glass column
(reservoir) decreases slightly, and by this the drop formation
rate decreases, i.e. continuously increasing the drop formation
time. Depending on the column diameter and the capillary tip
size, we can arrange different changes of the liquid flow rate
while the starting flow rate can be set by the valve. In the
experiments presented here, we used a reservoir with a cross
section diameter of 94 mm and a cylindrical steel capillary with
an outer tip diameter of 2.98 mm.

Figure 1 — Scheme of the single drop analyzer based on the
hydrostatic pressure of a liquid in a circular column;
as proposed in [12]

The accuracy of drop times measurement, i.e. time
intervals between two subsequent detachment measured by an
opto-coupler and a special electronic interface, is on the order of
+0.2 ms, with the drop formation times in the order of 0.2 to
0.3 s for the given experimental conditions.

3. Results and Discussion

The results of the present investigations have been
obtained in terms of drop time as a function of drop number.
Due to the dosing principle via the hydrostatic pressure of the
liquid in a circular container, the changes in the dosing rate are
given by the changes in the level of liquid in the reservoir. Using
a valve, it is possible to set the liquid flow such that the initial
drop time is of the order of about 0.2 s. The drop formation time
slowly increases over time due to a continuous decrease in
hydrostatic pressure assuming no change in position of the valve
or connections (constant flow resistance). In Figure 2, the change
in drop time over a large number of drops (about 28,000 drops)
is shown.
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Figure 2 — Dependence of drop formation time on drop number
for pure water

What we would expect from the known relation between
drop volume and surface tension given by Eq. (2) is shown by the
dashed line — a simple linear correlation between drop time and
drop number. However, the data show irregular pattern, i.e. a
range of drop times probable for subsequent drops. The drop
time values, however, do not scatter in a certain time range but
show clear pattern, as it was already discussed in [12]. This is
clearly seen in Figure 3, where we zoom in into a particular range
of data points, where drop number varies between 510 and 525.
In this range of data points, we can see a repeated pattern
consists of three subsequent drops. From drop number 525 on,
another pattern starts to establish. Note, the jumps in drop time
are of the order of about 10%, i.e. 100 times larger than our
measurement accuracy for the determination of drop time.
Note, to characterize drop formation time in classical studies

BecTHuK KasHY. Cepua xummyeckan. — 2017. — Ne3(86)



Kairaliyeva T. et al. 45

such as drop volume/weight tensiometry, the drop formation
times are typically larger than 5 s. Under these conditions, only
a clear straightforward dependence of drop formation time is
obtained [9].
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Figure 3 — Dependence of drop formation time on the drop
number, a zoomed-in part of data points
taken from Figure 2

In Figure 4 we show the behaviour of the system for a
mixture of water (85% v/v) and ethanol (15% v/v). The viscosity
of this mixture is similar to that of water (1 cP), while the
surface tension is remarkably reduced to 42.2 mN/m. The
measured drop formation times again show individual speci-
fic pattern changing over time. The shift between subsequent
drop formation patterns are around 15% of the total time of
measurement. The results show that a reduction in surface
tension does not remove the effect of data scattering.
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Figure 4 — Dependence of drop formation time on the number
of drops for a water/ethanol (85/15) mixture
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Pure ethanol has approximately the same viscosity as
water, but its surface tension is only 22.1 mN/m (Figure 5).
What we see are three branches, each with a certain slope. A
detailed analysis shows that the drop formation time recor-
ding system is failed in accurately measuring the formation
time of each drop, and it measures only the time for a drop
randomly chosen out of each two or three drops formed in
series. This is mainly due to a decrease in drop detachment
volume to a range not detectable by our recorder. As surface
tension was reduced by a factor of about 3.2, using the same
capillary, the cross-section area of the falling drop is
significantly reduced and, therefore, an accurate adjustment
of the sensor is required to register each falling drop.
Considering the data points of the lower branch of data, the
most likely accurately measured ones, the measurement
represents a rather linear dependence of drop formation time
vs drop number. This linear trend for pure ethanol system is in
match with what can be analytically described by Eq. (2).
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Figure 5 — Dependence of drop formation time on the number
of drops for pure ethanol

By using mixtures of water and glycerol, it is possible to
check the impact of the liquid’s viscosity on the drop formation
time under fast drop formation regimes. The results of similar
measurements for water/glycerol mixtures are shown in
Figures 6 and 7 considering 3:2 and 3:1 water/glycerol mixing
ratio respectively. For 40% glycerol solution, the viscosity
increases from 1.0 cP for pure water to 3.7 cP while the surface
tension is close to the surface tension of pure water (69 mN/m
for glycerol solution vs. 71 mN/m for pure water). For the
mixture shown in Figure 7, the viscosity is 36 cP and the surface
tension is 65.5 mN/m. In both cases, we do not observe patters
in terms of bifurcations as it was the case for water and water/
ethanol mixtures. However, for lower glycerol contents, not a
clear straight dependence between drop formation time and
drop number is obtained, as it would have been expected (red
dashed line). For the mixture with higher glycerol contents (75%
glycerol) the measured data are much closer to the expected
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Figure 6 — Dependence of drop formation time on the number
of drops for a 3:2 water/glycerol mixture (40 %
glycerol with a viscosity of 3.7 cP)

linear dependence given by the red dashed line. The reason for
this behaviour is yet unclear and would require a detailed visual
inspection of the drop formation and detachment process.

4. Conclusion

The investigations on the stability of drop formation of
liquids with different surface tension and viscosity show that
under certain conditions, bifurcations in the drop formation
time take place. These bifurcations originate from drop
instabilities happening during the detachment process. Thus,
subsequent larger and smaller drops are formed over a certain
narrow interval of dosing rate with differences of 10% and even
more. For higher surface tensions and low bulk viscosities, as it
is the case for pure water, such bifurcations are magnificent
over a broad range of dosing rates. The drop formation time
oscillates between two values with a peak-to-peak “amplitude”
of about 10%. At lower viscosities, and for lower surface tension
values, at least for drop formation times of 200 to 300 ms, these

References (GOST)
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Figure 7 — Dependence of drop formation time on the number
of drops for 3:1 water/glycerol mixture (75% glycerol with a
viscosity of 36 cP)

amplitudes are even increased. For pure ethanol, however, no
bifurcations are observed, and a simple linear dependence of
drop time on drop number (smooth change in the liquid dosing
rate) is obtained. For more viscous liquids, the Rayleigh-Plateau
instability responsible for the observed drop formation time (or
drop volume) bifurcations gets damped, and the effect of that
on making specific patterns of data points disappears.

For a quantitative analysis of the observed bifurcations
and other instabilities, a fast video technique would be required
to instantly record the onsets of drops detachment from the
capillary tip.
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