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An experimental study of the breakage of liquid bridges at stability limit
of minimum volume

J. L. Espino, J. Meseguer, and A. Laverón-Simavilla
IDR/UPM, E.T.S.I. Aerona´uticos, Universidad Polite´cnica de Madrid, E-28040 Madrid, Spain

~Received 7 June 2002; accepted 22 July 2002; published 5 September 2002!

An experimental apparatus to study the breaking process of axisymmetric liquid bridges has been
developed, and the breaking sequences of a large number of liquid bridge configurations at
minimum-volume stability limit have been analyzed. Experimental results show that very close to
the breaking moment the neck radius of the liquid bridge varies ast1/3, where t is the time to
breakage, irrespective of the value of the distance between the solid disks that support the liquid
column. © 2002 American Institute of Physics.@DOI: 10.1063/1.1506312#
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I. INTRODUCTION

The liquid bridge is here considered as an isotherm
mass of liquid with constant properties~density,r, surface
tension,s, and viscosity,m! held by surface tension force
between two parallel and coaxial circular disks of the sa
radii R, placed at a distanceL apart~as sketched in Fig. 1!.
The axis of symmetry of the liquid column is aligned wi
the gravity acceleration,g. The liquid bridge interface is
anchored to the disks, being the two contact lines circ
pinned to the edges of the disks.

Equilibrium shapes and stability limits of the fluid con
figuration are defined by the following dimensionless para
eters: The slendernessL5L/(2R), the dimensionless vol
ume of liquid V5V* /(pR2L), where V* stands for the
physical volume, and the axial Bond numberB5(r
2rs)gR2/s, being rs the density of the surrounding me
dium ~which is assumed to have constant and uniform pr
erties, and also for air surroundingrs!r). For a weightless
right circular cylinder liquid bridge the well-known Rayleig
stability limit holds: The liquid column becomes unstab
when its length is larger than its circumference (L.p).
Many perturbations to this ideal configuration, involving d
ferent geometrical configurations and several arrangem
of the supporting disks as well as nonaxial acceleration, h
been analyzed~a review on this topic can be found in Me
segueret al.1!. The stability limits of the liquid bridge con
figurations here considered~in which the only parameter
involved areL, V, and B) were extensively analyzed b
Slobozhanin and Perales,2 where stability limits for a wide
range of values of the Bond number are presented.

The stability limit obtained with static considerations f
B50 can be either a turning point or a bifurcation po
depending on the slenderness of the liquid bridge,3 and the
corresponding eigenfunction is either symmetric or antisy
metric. The slenderness therefore determines the symm
or nonsymmetry~with respect to the middle plane parallel
the disks! of the unstable equilibrium shapes, being symm
ric those corresponding toL,LA , and nonsymmetrical for
L.LA , whereLA52.128.

The behavior is similar whenBÞ0, and it has been nu
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merically demonstrated4,5 that symmetric or nonsymmetri
effects are the dominant ones in the breaking dynamics
pending on the value of the slenderness.

The study of nonlinear dynamics and breakage of liq
bridges was started more than twenty years ago, using
inviscid, one-dimensional slices model.4–9 This initial model
was developed from one used in capillary jet studies, j
modifying the boundary condition. Sirignano and Mehring10

have recently published a wide review of the theories co
monly used in liquid jet breaking, and an historical review
the more representative publications concerning the brea
of liquid bridges can be found in Zhang, Padgett, a
Basaran.11 This list of publications should be completed wi
the last published papers on this topic, which are mai
devoted to the breaking of stretching liquid bridges11–14 and
liquid bridges held between spherical supports.15,16

In the case of stretching liquid bridges, Yildirim an
Basaran13 have demonstrated with numerical calculatio
that at the end of the breaking process of low viscosity liq
bridges, very near to the rupture, the minimum liquid brid
radiusRn varies with the time to breakupt asRn;t2/3 ~po-
tential flow scaling regime!, whereas even closer to th
breaking instant the neck radius behaves asRn;t ~inertial-
viscous threat regime!. However, in the case of liquid bridge
held between fixed disks, earlier numerical results4–8 indi-
cate that, very close to the breakage, the neck radius of
liquid bridge behaves asRn;t1/3. Aiming to check this dis-
crepancy, an experimental apparatus has been developed
several sets of experiments dealing with the breaking dyn
ics of liquid bridges at minimum-volume stability limits hav
been performed.

II. APPARATUS

The experimental set-up used to perform the exp
ments concerning the breaking dynamics of liquid bridges
shown in Fig. 2, consists of the following main elemen
Liquid bridge cell ~A!, microscope~B!, high speed video
camera~C!, standard rate CCD camera~D!, illumination sys-
tem ~E!, image recording system~not shown in the figure!
and associated image processing software.
0 © 2002 American Institute of Physics
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The liquid bridge cell is a small block of aluminum wit
three cylindrical holes whose axes are aligned with the
erence system axes. The vertical drilled hole, 3 mm in dia
eter, allows the displacement of two cylinders of the sa
diameter. These cylinders are drilled along their axes, wh
two small stainless steel calibrated-diameter cylinders are
cated. The calibrated-diameter small cylinders that sup
the liquid bridge are solid rods 1 mm in diameter. The fl
surfaces in contact with the liquid have been carefully p

FIG. 1. Liquid bridge setup and variation of the minimum-volume stabi
limits with the Bond number,B, in the L-V plane ~slenderness-
dimensionless volume!. Symbols represent experimental configuratio
tested~all for B50.04).

FIG. 2. Experimental setup: liquid bridge cell~A!, microscope~B!, high-
speed video camera~C!, standard rate CCD camera~D!, and illumination
system~E!.
Downloaded 20 Sep 2002 to 138.4.64.5. Redistribution subject to AIP
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ished in order to obtain very sharp edges. The two horizo
holes define two perpendicular viewing axis of the virtu
chamber where the liquid bridge is formed.

Liquid bridges are formed directly by placing a drop
working liquid ~distilled water! between both supporting
disks with a calibrated syringe~Hamilton Microliter Syringe
801 RNE!.

There are two CCD cameras mounted on the platfo
one of them with its optical axis aligned with thex axis of
the liquid bridge cell, whereas the optical axis of the seco
one is oriented in the direction of they axis. Thex axis CCD
camera is a high-speed camera~HISIS 2002! which can
record up to 2400 frames per second. Most of the break
sequences have been recorded at 1220 images per seco
a resolution of 2563256 pixels, which is the maximum re
cording speed for which full resolution images can be tak
~the resolution is halved for the higher recording speed!. The
x axis high speed CCD camera is mounted on a microsc
~WILD M8 ! to have a frame covering some 6 mm by 6 m
The second CCD camera, a SONY CCD-IRIS, is used
provide to the operator enlarged images of the liquid brid
in a more user-friendly format, through the correspond
TV monitor ~high speed frames can be observed mainly o
line!. The last mentioned images are used to detect the
ment when the breaking of the liquid bridge takes place
which the high-speed video camera is stopped~a buffer is
storing continuously the last 8 s of thehigh speed recording!.

The illumination system consists of a background LE
stroboscope~9 LEDs arranged in a matrix of 3 by 3! driven
by the HISIS 2002 system. The stroboscope illuminates
liquid column from the rear~as seen from the high spee
camera!, so that the liquid–air interface becomes sharp
contrasted~the liquid column, and specially its edges, tur
out very dark since the liquid bridge acts like a small len!.

III. EXPERIMENTAL RESULTS

The experimental procedure is as follows: once the s
porting rods are installed with their longitudinal axe
aligned, the upper rod is placed a given distance apart f
the lower one. Then a drop of water is formed at the tip
the feeding tube of the calibrated syringe, and the tip of t
feeding needle is carefully displaced until the drop com
into contact with the supporting rods and a liquid bridge
formed. Usually the liquid column perfectly anchors to t
edges of the rods, due to the sharpness of their edges, a
is quite unusual to spread the liquid over the lateral surfa
of the supporting rods during the liquid bridge formation.
all the cases the amount of liquid supplied to the liqu
bridge is large enough to ensure that the volume of the in
drop is far enough from the minimum-volume stability lim
corresponding to the selected slenderness.

Once the liquid bridge is formed, the experimental s
quence proceeds without any further interaction: Due to
evaporation the volume of liquid continuously decreases
the liquid column breaks when the stability limit is reache
In all the process, direct manipulation on the liquid brid
cell is prevented in order to avoid vibrations that could cau
the unexpected breaking of the liquid column before the c
 license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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responding stability limit is reached. Several tests have b
performed to determine the evaporation rate, dV/dt, during
the experiments, the results obtained being dV/dt'1.8
31023 s21 ~note thatV is the dimensionless volume!.

All along the breaking sequence, liquid bridge pictur
obtained from HISIS 2002 CCD camera, at a rate of 12
frames per second, are stored in a system internal bu
When the operator realizes that the breakage of the liq
column occurs, the recording process is stopped, and
buffered breaking sequence is transferred to the PC for
ther analysis. About two hundred frames prior to break
time are selected and stored together with a high eno
number of images taken after the breaking instant. The s
process, maintaining the distance between the disks, is
peated at least four times to check the repeatability of m
surements. Afterwards a new value of the slenderness is
and the whole process is repeated.

The Bond number,B, for each experiment is calculate
analyzing the interface deformation of the liquid brid
when its dimensionless volume is near toV51. This proce-
dure has already been used in previous experime
studies.17 Since liquid bridges are formed with an initial vo
ume larger than that of the cylinder (V.1), there are always
several images of the liquid bridge with almost cylindric
volume (V'1) during the breaking sequence, images wh
are selected, stored and digitized. For each image the vol
of the liquid bridge is computed from the digitized out
shapes. When the volume is within the rangeV5160.005
the value of the Bond number is calculated by fitting a line
order theoretical expression for the interface shape exp
mentally measured. The same procedure has been rep
several times along the experimental campaign~using differ-
ent values of the slenderness! in order to check that surfac
tension does not change during experiments, all results
tained beingB50.04060.001 ~for liquid bridges between
disks having 0.50 mm in radius!. This value is very close to
the value of reference (B50.034), which would be obtaine
by taking the nominal values of the physical magnitudes
tering the definition of the Bond number (g59.81 m.s22,
r5103 kg.m23, and s50.073 N.m21). The small differ-
ence is thought to be due to the decrease in the value o
surface tension, due to interface contamination or to g
metrical inaccuracies not accounted for in calculations.

The experimental configurations tested are represe
in theL-V stability diagram~Fig. 1! along with several ana
lytical stability limit curves corresponding to different value
of the Bond number. All experimental points obviously la
over the nominal stability limit curve for the measured Bo
number (B50.040).

Experimental results of the variation of the relative ne
radius, r , with the breakage time,t, are shown in Fig. 3.
Relative dimensionless neck radiusr is defined as the ratio
r 5Rn /R, of the radius at the neck of the liquid column,Rn ,
to the radius of the supporting rods,R. The low scattering of
experimental data ensures repeatability of the experime
procedure~different runs were plotted with the same symb
for a given slenderness!. It should be pointed out that th
breaking process is more violent as the slenderness
creases, which can be explained by taking into account
Downloaded 20 Sep 2002 to 138.4.64.5. Redistribution subject to AIP
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the mass of the liquid column~hence inertial effects! de-
creases as the slenderness decreases, therefore, the ca
effects are of greater importance as the length of the liq
column diminishes.

To analyze the dependence of the relative neck radiusr ,
with the time to the breaking instant,t, the same data alread
represented in Fig. 3 are plotted in Fig. 4 using logarithm

FIG. 3. Variation of the relative neck radius,r , with the time to the liquid
bridge breakage,t. Symbols identify the liquid bridge slenderness accordi
to the following key:L52.95 ~white circles!, L52.67 ~black circles!, L
51.92 ~white rhombi!, L51.80 ~black rhombi!, L51.69 ~white squares!,
L51.45 ~black squares!, L51.27 ~white triangles!.

FIG. 4. Variation of logarithm of the relative neck radius, logr, with the
logarithm of the time to liquid bridge breakage, logutu. Symbols represent
experimental results. Numbers on the curves identify the value of the s
dernessL.
 license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



in
ef

y

e
s

lin

th
tio

n
ve
a

f

z,
rr.

en

on

dy-

J.

m-

be-

the

d

and

e
ch.

ng
and

nts
s,’’

t.

wo
oid

of
-

3713Phys. Fluids, Vol. 14, No. 10, October 2002 Experimental study of the breakage of liquid bridges
scales. As expected, for large values of the time,t, the dif-
ferent sets of data are grouped around almost horizontal l
~these would be truly horizontal lines if the evaporation
fects were not present!. However, for very small values oft,
all experimental points lie in a narrow band limited b
straight lines whose slopes range betweenn50.3 and n
50.4, the average value beingn51/3. This seems to indicat
that very close to breaking, the neck radius behaves ar
;t1/3, as already predicted by numerical analysis,4–8

whereas in the case of stretching liquid bridges the sca
law reported by Yildirim and Basaran13 is r;t. In the last
case the necking is forced by the displacement of one of
supporting disks, so that one could expect a faster varia
of the neck radius at the end of the breaking process.

Finally, it must be pointed out that in all the tested co
figurations a satellite droplet have always been obser
when the breaking of the liquid column takes place, no m
ter the value of the slenderness.
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