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h i g h l i g h t s

• Dripping regimes from an inclined nozzle are mapped.
• Correlation for drop volume is reported over wide ranges of parameters.
• Results suggest significant weakening of capillary forces by asymmetry.
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a b s t r a c t

The dripping dynamics of Newtonian liquids emanating from an inclined nozzle is studied. The fluid
viscosity µ, flow rate Q , nozzle radius R, and inclination angle θ have been varied independently. The
drop breakup times and the different modes of dripping have been identified using high speed imaging.
A phase diagram showing the transition between the dripping modes for different θ is constructed in the
(We, Ka) space, whereWe (Weber number) measures the relative importance of inertia to surface tension
force and Ka (Kapitza number) measures the relative importance of viscous to surface tension forces. At
low values of We and Ka, the system shows a transition from period-1 to limit cycle before chaos. The
limit cycle region narrows down with increase in inclination. Further increase in the values ofWe and Ka
gives a direct transition from period-1 to chaos. The new experiments reveal that in the period-1 region,
increasing the nozzle inclination angle θ results in lowering of the drop breakup time tb, suggesting that
the surface tension forces cannot hold the drops longer despite the weakened effective gravitational pull.
This counter-intuitive finding is further corroborated by pendant drop experiments and computations.
More curiously, throughout the period-1 regime, the drop volume is independent of the flow rate. This
resulted in a relatively simple correlation for the dimensionless drop volume V = 1.3G−1Ka0.02(cos θ)0.37

accurate to within 10% over wide ranges of the independent variables.
© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Drop formation from a vertical nozzle findsmany industrial ap-
plications such as ink-jet printing [1], silicon microstructure for
protein identification [2], microencapsulation [3], and 3D print-
ing [4]. Quite a number of these processes are operated under a
constant flow rate. This process shows a variety of interesting be-
haviour. Dripping mode is characterized by tiny droplets emanat-
ing from the nozzle at low flow rates [5–8], while jetting mode
occurs at high flow rates in which liquid flows out as a continu-
ous stream to form a jet which subsequently breaks up into small
droplets [9,10]. Such behaviour has been studied for centuries. Eg-
gers [11] provided an extensive review about the experimental and
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computational work starting from 1686. Due to the encyclopedic
amount of prior work, in the following, only key ideas and refer-
ences pertinent to this work will be covered.

The most commonly investigated configuration is a Newtonian
liquid having viscosity µ, density ρ, and surface tension σ , flow-
ing through a nozzle of outer radius R, at flow rate Q . For a vertical
nozzle the dripping dynamics are governed by three dimension-
less groups [12–14]: the Weber number We = ρv2R/σ , where
v is the velocity of the emanating liquid, that measures the rela-
tive importance of inertial to surface tension force, the Bond num-
ber G = ρgR2/σ , where g is the acceleration due to gravity, that
measures the relative importance of body force to surface tension
force, and the Kapitza number Ka = (µ4g/ρσ 3)1/3 or the Ohne-
sorge number Oh = µ/(ρRσ)1/2, both measuring the relative im-
portance of viscous force to the surface tension force [13,15]. The
former is more convenient for studies onmacroscopic dynamics as
it is independent of the characteristic length scale of the system,
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whereas the latter is the preferred group when the focus is on the
dynamics of the pinch-off singularity in drop breakup [11,16].

The different modes of dripping seen in experiments include
period-1 dripping where every drop is of equal size, period-n (n =

2, 3, 4, . . .) drippingwhere every n-th drop is identical, and higher
odd-period or chaotic mode of dripping [12–14]. The increasing
complex dripping behaviour occurs at increasing flow rates (or
We). At very low flow rates, a tiny satellite drop often follows the
primary drop. At high viscosities (high Oh), the dripping behaviour
simplifies to either P1 with satellites or jetting [13]. A detailed
phase diagram showing transitions from complex to simple drip-
ping and jetting in the (We, Oh) space had been reported [13]. The
critical We for the transitions to jetting were estimated by scal-
ing arguments and shown to accord well with simulations [14].
Initially the phase diagram developed in (We, Oh) space was con-
structed for a moderate value of G = 0.5 [14], but the response
if the value of G varies was unknown. This unexplored dripping
dynamics for a wider range of G was later studied by Subramani
et al. [13]. It was found that at high values of G, the dripping dy-
namics is richer and tends to become chaotic at lower values ofWe.

In addition to physical properties of the liquid, geometry also
plays a critical role. Experimental results showed that the effect of
nozzle thickness can be neglected within experimental error only
when Ri/R > 0.2, where Ri is the inner radius of the nozzle [7].
For thin-wall nozzles, the dripping dynamics is on the whole the
same. In addition, radical changes in the dripping dynamics were
found when the nozzle shape changes from a flat tip to a bevelled
shape [17]. Satellite drop formation is notably reduced in bevelled-
shape nozzles. In all previous studies the nozzle had a circular
cross section. However changing the nozzle cross section to some
other shapes is expected to give different droplet volumes as the
capillary forces are changed by the shape of the liquid meniscus.
For example, the study by Chen et al. showed that the volume of
the droplet decreased by 18% when the nozzle cross section was
changed from circular to triangular with a stretched corner [18].

The introduction of asymmetrical perturbations, both by tilt-
ing the nozzle at an angle θ with the vertical [19], and by cutting
obliquely the tip of nozzle [20,21], breaks the cylindrical symmetry
and induced strong changes in dripping dynamics. For an obliquely
cut nozzle tip, the added degree of freedom enables transversal
oscillations of a pendant drop, which interacted in a complicated
manner with the other dynamics during breakup, giving shorter
dripping times and more regular dripping pattern [20]. The bifur-
cation diagrams obtained by plotting the dripping time versus the
flow rate for flat nozzle, bevelled nozzle, and obliquely cut nozzle
showed different patterns. The frequency of drop oscillations de-
creased going from the flat nozzle tip to the bevelled nozzle tip and
to the obliquely cut nozzle [21]. It was claimed that this was due to
wetting characteristics of the liquid with the wall of the nozzle as
it determines three phase contact lines affecting the dripping time
series behaviour [21]. In the experiments on dripping from a tilted
nozzle, themeasured time (Tn)between thenth and (n+1)th drops
were plotted, giving time return maps for different nozzle inclina-
tion angle θ . The results showed strong changes in the attractor
topology, suggesting that inclination angle can be an effective con-
trol parameter for the dripping dynamics [19].

Despite the rich dynamics of dripping from a tilted nozzle, we
failed to uncover any other articles in the English literature. Due
to the limited range of parameters studied previously [19], the
more general behaviour of dripping from a tilted nozzle remains
unknown. Compounding the difficulty, the presence of asymmetry
prevented simple theoretical analysis. Rigorous numerical studies
of the effects of asymmetry began with the more modest, albeit
pioneering studies on the static shape and the stability of a pendant
or sessile drop [22,23]. Unfortunately, as recently as in 2012 [24],
the simulation efforts did not seem to have advanced ultimately

into dripping dynamics. One very likely obstacle is the scarcity of
openly available experimental data to validate the simulations. To
assist in this endeavour, the main goal of this paper is to develop
a comprehensive picture of the dripping dynamics from a tilted
nozzle. In order to achieve that goal, (a) dripping dynamics will
be explored through the study of the breakup time t̃b, which is
the time interval between two subsequent drop breakups, and
(b) dripping phase diagrams for different values of θ will be
constructed.

The paper is organized as follows: Section 2 describes the ma-
terial properties, experimental setup, and experimental procedure
with data analysis methods for studying drop formation from both
a vertical and an inclined nozzle. Section 3 details the experimental
results and key findings based on breakup times and their compar-
ison at different values of θ . Section 4 concludes this work.

2. Experiments

2.1. Apparatus

The experimental apparatus is depicted in Fig. 1. It consists
of a nozzle through which liquid flows to form drops. The liquid
was delivered to the nozzle by using aMeditechJZB-1800D Syringe
Pump which is capable of providing range of flow rate from
0.00167 to 30 mL/min with an accuracy of ±2%. Stainless steel
dispensing nozzles (P-30619-06, P-30619-01, and P-30619-07)
were obtained from Cole-Parmer. The outer radii of the nozzles are
0.625 mm (N1), 0.100 mm (N2), and 1.96 mm (N3). The ratio of
the inner radius to outer radius is <0.2, hence the effect of nozzle
thickness on the interface dynamics can be safely neglected [7].
A protractor is provided to adjust the tilt angle of the nozzle. A
transparent shield is provided to reduce draught that can perturb
the drop formation process.

The high speed camera is Casio EX-FH100 capable of recording
30–1000 frames per second. A planar white LED backlight mea-
suring 10 cm × 10 cm (model LFL-Si100-W-IP65) with adjustable
brightness was obtained from Falcon Illumination (M) Pte. Ltd.
The sharpness of the images can be adjusted via the intensity of
the backlight, the focal length and digital zoom of the camera.
All parts of apparatus except the syringe pump were kept on a
0.3 m × 0.3 m × 0.06 m aluminium optical base plate inside the
transparent shield.

2.2. Fluid characterization

Mixtures of water and glycerol were chosen because their
surface tension and densities are close to that of pure water, but
their viscosities can be made to vary by three orders of magnitude.
The 99% pure glycerol was obtained from R and M Chemicals,
CAS NO [56-81-5], and used as obtained. Distilled water was used
to the make water–glycerol mixtures. The physical properties of
these water–glycerol mixtures are taken from the literature [25]
and are listed in Table 1. Silicone oil (Dow Corning R⃝ 111 Valve
Lubricant and Sealant) was used to prevent wetting of the outer
nozzle surface.

The image captured by using just water–glycerol mixtures
showed a colour gradient within the drop area, which was incon-
venient for the subsequent automated image analysis. Tominimize
the colour gradient within the drop area, methylene blue dye was
added in the water–glycerol mixture. Analysing the images for the
dyed solution showed that 0.5 wt% was the minimum required.
The surface tensions of the dyed water–glycerol solutions were
measured using Langmuir Blodgett trough from KSV instruments.
The viscositymeasurementswere carried using anARES rheometer
equippedwith the cup andbob geometry. The liquid densitieswere
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