See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/293062345

High speed movies of a dripping faucet
Article · February 2016

CITATIONS

READS

0

67

2 authors:
Achim Sack

Thorsten Pöschel

Friedrich-Alexander-University of Erlangen-N…

Friedrich-Alexander-University of Erlangen-N…

14 PUBLICATIONS 90 CITATIONS

268 PUBLICATIONS 4,142 CITATIONS

SEE PROFILE

All in-text references underlined in blue are linked to publications on ResearchGate,
letting you access and read them immediately.

SEE PROFILE

Available from: Thorsten Pöschel
Retrieved on: 12 October 2016
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Besides its importance for science and engineering, the process of drop formation from a homogeneous jet or at a nozzle is of great aesthetic appeal. In this paper we introduce a low-cost setup for
classroom use to produce quasi-high speed recordings of the formation of drops at a nozzle of high
temporal and spatial resolution.
PACS numbers: PACS

I.

INTRODUCTION

The formation of drops of liquids is a process of everyday experience, however, the detailed understanding
of the process is not straightforward neither from the experimental nor from the theoretical point of view. In
engineering, drop formation is of importance for a number of processes such as ink jet printing, spray drying,
spray coating and others.
Historically, the formation of drops from a homogeneous jet, at a dripping faucet or in splashes was considered by some of the most eminent scientists. It was
Mariotte who first described in his seminal book “The
Flow of Water and other Fluid Bodies” in 1686 [1] the
disintegration of homogeneous flow of water into drops
under gravity. He understood that, due to gravity the
flow becomes thinner and explained the drop formation
by stating that the “elements of the fluid” cannot be too
distant from one another which – as a qualitative explanation – is not far from what we call today surface tension, described by Laplace [2] and Young [3] more than
a century later. It was Plateau [4, 5] who explained the
instability of a homogeneous jet by the action of surface
tension.
Systematic experimental investigations of drop formation from a jet were performed first by Savart 1833 [6].
Among others, Savart made two important observations:
(a) the jet breaks into approximately identical drops, but
on top of that, depending on the parameters of the experiment for each drop one or more much smaller satellite
drops may appear and (b) periodic perturbances of the
surface of the jet increase in time, depending on their
wave length. The latter observation allowed for the systematic investigation of the instability of fluid surfaces
and gave rise a large number of related experimental work
by Hagen [7, 8], Magnus [9], Rayleigh [10, 11] and many
others.
The formation of satellite drops attracted much attention as it is a non-linear effect and, thus, not covered by
the linear theory developed by Rayleigh 1879 [12]. While
in static or quasi-static situations the physics of fluid surfaces is governed by an equilibrium of surface tension
and gravity, Rayleigh noticed that in rapid processes the
relation between surface tension and inertia dominates
[11, 12]: When fluid flows slowly out of a faucet, the

characteristic shape of the slowly forming yet pending
drop [13] is determined from the balance of gravity and
surface tension and the dynamics is quasi-static. When
the drop grows, the situation becomes unstable and the
drop develops a neck which grows in length and shrinks
in diameter, correspondingly. At the moment of breakup
the elongated neck resiles. As a result of this highly dynamic process of very short duration first experimentally
observed 1887 by Lenard [14], we observe complex oscillations finally resulting in one or more satellite drops,
investigated in much detail by Guthrie (1863) [15, 16].
There is a large body of literature following this pioneering work such that by now we have a good understanding of the process. Eggers and Dupont [17, 18] proposed a self-similar description for the time dependent
shape of the neck whose single parameter contains density, viscosity and surface tension of the fluid. This result
was confirmed by many experimental investigations, for
both systems, liquid jets, e.g. [19], and dripping faucets,
e.g. [20]. The scenario of satellite drop formation follows
a hierarchical scheme of high complexity [21].
A comprehensive review on the physics of drop formation due to instability of surfaces, including many historical remarks can be found in [22–24].

II.

PHOTOGRAPHIC IMAGES OF DRIPPING
FAUCETS

The dynamics of drop formation may be observed
by the naked eye only to a certain extend [6] but certainly much of the dynamics and, thus, of the physics of
the problem would stay unrevealed without sophisticated
imaging techniques. Given that the collapse of the neck
is a very fast process which takes typically a millisecond
or less, mechanical shutter cameras are not applicable
here. Therefore, Worthington [25] illuminated splashes
of water drops by electrical sparks of very short duration, typically 1µs, in an otherwise dark room. When
impacting the target plate, the drop interrupted an electrical circuit, thus, igniting the spark by its own weight.
Using this technique which he called instantaneous photography, Worthington obtained splashes of great beauty
[26–28] – his paper of 1897 [27] contains more than 150
pictures of splashes and, finally, he published an entire
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book [29] containing mainly photographs of splashes.
The first true dynamical recording of a dripping faucet
was obtained 1887 by Lenard [14] who noted that the
time lag between successive drops is highly constant, provided constant inflow of fluid. Therefore, he used a stroboscopic method [14] where a drop was used to trigger
the ignition of the flash for the subsequent drop. By
adjusting the vertical position of the camera, he could
record the drop at different stages of evolution after it
was released from the faucet. This way, he recorded the
a stroboscopic movie of the entire sequence at high resolution of time, Fig. 1.

FIG. 1. Using a stroboscopic technique, 1887 Lenard obtained
sequences of drops at high resolution of time. The figure
shows a section of Fig. 3a of [14].

True high speed movies allowing the investigation of
non-periodic processes like splashes became available in
the 1930’s mainly due to the pioneering work by Edgerton [30] who recorded dripping faucets with up to 1200
frames per second (fps) [31, 32]. Edgerton’s technique
and several applications are explained in an impressive
movie [33]. By now, high speed recordings of extreme
resolution in time and at the same time good spatial
resolution became available such that the dynamics of
dripping faucets could be revealed in great detail, e.g.
[20, 34].

III.

SYSTEM REQUIREMENTS

Let us first estimate the technical data of a system necessary to record the drop formation. The fastest process
of interest is the collapse of the neck and the corresponding formation of satellite drops which takes place in about
1 ms. If we wish to stretch this time to 10 s slow motion
at 30 fps, we need a recording frame rate of 300, 000 fps.
The smallest details we wish to resolve are the pinch-off
regions of typical size 0.5 mm, see Fig. 4 (inset). If we
wish to resolve these features with 50 pixels, an object of
size of a droplet Fig. 4 (approximately 8 mm × 12 mm)
corresponds to a sensor of size 1, 000 × 1, 500 pixels. At
present time, high speed digital cameras of these characteristics are not commercially available. Therefore, the
idea of stroboscopic recording, introduced by Lenard [14]
is applied with some modifications: To enable a precise
timing, the free running “interruptor” was replaced by a
light barrier that is broken just before the pending drop
is falling. The light barrier triggers a sequencer which,
after a certain delay has passed, ignites the flash and

FIG. 2. Sketch of the setup: (1) glass tank with valve and
faucet, (2) digital camera, (3) flash bulb, (4) linear actuator,
(5) light barrier, (6) aluminum frame. The lower collecting
tray, control for the flash bulb, function generator and power
supply are not shown.

thus exposes the picture. By incrementing the delay between the breakage of the light barrier and the firing of
the flash, a series of pictures can be recorded which when
played back at a fixed frame rate reproduce the process
of detachment of the drop in slow motion. Special attention has to be brought to the flash bulb: In order to
obtain sharp pictures, no object should move by more
than one pixel during the time of illumination. We assume a typical neck length of 4 mm (see Fig. 4) corresponding to about 400 pixels and a collapse time of about
1 ms. When we assume for an estimate constant velocity
of the neck during collapse, the maximum exposure time
−3
s
is, thus, 10
400 px × 1 px = 2.5 µs.
IV.

SPECIFICATION OF THE SYSTEM

Figure 2 shows a sketch of the setup, Fig. 3 shows the
apparatus. The fluid is initially contained in a glass tank
(1) connected to the faucet via a valve to adjust the drop
rate to about one drop in 10 seconds. It is favorable to
set the dropping to a low rate, because it allows surface
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FIG. 3. Photo of the apparatus. For explanation of the labels
see Fig. 2.

ripples of the fluid portion remaining at the faucet to die
out and to not cause perturbations of the forming drop
by internal currents. A linear actuator (4) allows precise
control over the distance between the faucet and the light
barrier (5), such that the forming drop, yet pending at
the faucet, interrups the light barrier a few milliseconds
before breaking off. The signal from the light barrier
starts a triggerable sequencer (TimeMachine [35] or any
triggerable function generator). The sequencer waits for
a programmed time and afterwards sets off the ignition of
the flash bulb (3), exposing the picture. In the time prior
to the flash, the shutter of the camera (2) is held open,
and only after the flash has fired the shutter is closed and
the image recording is complete. To this end, the camera
is operated in bulb mode and the release of the shutter
is also controlled by the sequencer. The entire setup is
mounted into a case of aluminum elements with opaque
sides to have the flash bulb as the only source of light.
The digital single-lens reflex camera used in the setup
has a resolution of about 3, 000 × 2, 000 pixels spaced on
an APS-C sized sensor. In combination with a macro
lens (reproduction ratio 1 : 1), this yields a resolution of
about 8 µm/pixel in the imaged plane of the droplet. We
used a short-arc xenon flash bulb (L11946, socket E10977
and driver C10980 from Hamamatsu) to produce flashes
of duration ∆t ≈ 2 µs, fulfilling the condition above and
delivering exceptionally sharp images. The brightness of
the picture is determined by the quantity of light, that
is, by the total energy released during a single flash. The
driver connected to the flash bulb was configured to provide E = 0.5 J per flash, enough to obtain a well lit image
given the short distances of the setup.

FIG. 4. Photograph of a water drop of diameter ca. 4 mm
at the instant when it detaches from the faucet. For better
contrast a small amount of milk was added. A coarse grid was
placed in front of the flash bulb to visualize the curvature of
the droplet at the reflection point of the light source. The
inset shows a magnification of the pinch off region.

V.

EXAMPLE

Figure 4 shows a photograph of a water drop of diameter ca. 4 mm at the instant when it detaches from the
faucet. The inset showing a magnification of the pinch off
region evidences the high resolution. The fluid is water
with about 10 % of milk added for better contrast. As we
noticed later, in the original literature surprisingly both
Worthington and Edgerton [25, 33] likewise used milk for
contrast. Figure 5 shows a sequence of freeze frames of a
sequence recorded by the described stroboscopic method
together with magnifications of the neck area showing the
formation of a satellite drop and its subsequent highly
complex oscillations. The full movie sequence and more
photographs can be found as supplementary online material [36]
For typical recordings the time delay between breaking
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formation, for instance due to mechanical perturbations.
The release of the drop causes small vibrations of the
nozzle and the fluid surface of the next drop pending to
the nozzle. Therefore, we adjusted the flow rate such
that approximately every 10 s a drop detaches. Therefore, the recording time for a process of real time treal is
10 s
5
trec = 50
µs = 2 · 10 × treal . For instance, the recording
of the movie [36] corresponding to the sequence shown
in Fig. 5 of real time duration treal ≈ 15 ms took about
15 · 10−3 s × 2 · 105 = 50 min.
VI.

FIG. 5. Freeze frames of a sequence recorded at (a) t = 0
(arbitrary starting time), (b) t = 1.70 ms, (c) t = 2.98 ms,
(d) t = 12.38 ms. Figure (b) corresponds to Fig. 4. The
full movie sequence and more photographs can be found as
supplementary online material [36]

CONCLUSION

We introduced a setup that can be used to produce
stroboscopic high speed recordings of the formation of
drops at a nozzle with high temporal and spatial resolution which would not be achievable otherwise. We analyzed the performance of the systems and its limitations
and provided an example of application. In principle, the
system (possibly with mechanical modifications) can be
applied to produce high-speed recordings of any periodic
process.
Based on sequences of photographs of the type shown
in Figs. 4 and 5 and corresponding movie sequences [36]
we can now apply methods of image processing (for which
we used Matlab) to obtain quantitative data. Then, following the literature discussed above we can deduce the
surface tension by processing the oscillations of the drop
[14] or discuss the nature of universality [17], both of high
pedagogical value. This subsequent analysis shall, however, not be subject of the present paper. But besides all
physics, one can also simply enjoy in the great aesthetic
appeal of a simple dripping faucet which becomes only
apparent when watching it at high resolution of time.
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Gauthier-Villars, Paris, 1873.
[6] F. Savart. Constitution of a liquid jet flowing through
a circular orifice in a thin diaphragm. Annal. Chim.,
53:337, 1833.
[7] G. Hagen. Die Scheiben, welche sich beim Zusammenstoßen von zwei gleichen Wasserstrahlen bilden,
und über die Auflösung einzelner Wasserstrahlen in
Tropfen.
Bericht über die zur Bekanntmachung

5

[8]

[9]
[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]

[21]

[22]
[23]
[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

geeigneten Verhandlungen der preussischen Akademie
der Wissenschaften, page 214, 1849.
G. Hagen. Auflösung flüssiger Cylinder in Tropfen.
Bericht über die zur Bekanntmachung geeigneten
Verhandlungen der preussischen Akademie der Wissenschaften, page 281, 1849.
G. Magnus. Hydraulische Untersuchungen. Ann. Phys.
Chem., 95:1, 1855.
J. W. S. Lord Rayleigh. On the capillary phenomena of
jets. Proc. Roy. Soc. London, 29:71, 1879.
J. W. S. Lord Rayleigh. Further observations upon liquid jets, in continuation of those recorded in the Royal
Society’s “proceedings” for March and May, 1879. Proc.
Roy. Soc. London, 34:130, 1882.
J. W. S. Lord Rayleigh. On the instability of jets. Proc.
London Math. Soc., 10:4, 1879.
A. M. Worthington. On pendent drops. Proc. Roy. Soc.
London, 32:362, 1881.
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