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An Optical Method for Surface Tension Measurements of Dispersed Liquid Droplets

W.J. Hiller and T.A. Kowalewski
Max-Planck-Institut fiir Stromungsforschung
BunsenstraBe 10, 3400 Gottingen
West Germany

Abstract

An optical method for the measurement
of surface tension of liquids is described.
It is based on the fact that the resonance
frequency of small liquid droplets depends
on the surface tension. The droplet oscilla-
tion is observed with an especially designed
high speed CCD camera. Preliminary results
of measured surface tension values are pre-

sented.

List of Symbols
A oscillation amplitude, << R
B,C principal axes of spheroid
By,Cy measured momentary length

of axes B,C (at time ty)

t time
Tn time constant of amplitude decay
R radius of undeformed droplet
v volume of droplet
o surface tension
v kinematic viscosity
Q angular oscillation frequency
o} phase angle
Pi,e density of the fluid (internal and

external phase)

Introduction

The knowledge of an accurate value of
the surface tension for a liquid droplet is
essential in a variety of two-phase proces-
ses, like the break wup of liquid jets, the
dispersion of one liquid in another immisci-
ble liguid or the evaporation of dispersed
liquids. It 1is well known that the surface
tension is a very sensitive physical pro-
perty and that its value depends strongly cn
the temperature and the purity of substances
used. Hence, tabulated values of surface
tension, measured wunder "clean" conditions,
are often worthless in real processes.

The purpose of the . present work is to
develop a nonintrusive method to measure the
surface tension of dispersed droplets in
"real time" of the experimental conditions.
The principle of the method is based on the

observation of free oscillations of a dro-
plet.
Oscillation Phenomena
In the absence of external forces, a

liquid droplet assumes a static shape that
is spherical. Any slight distortion of the
shape of the droplet may involve a series of
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damped oscillations while returning to its
former spherical shape. For a given initial
state, two quantities are sufficient to com-
pletely describe the transient behavior of
the particular mode of drop oscillation.
These are the oscillation frequency and the
amplitude decay rate, both depending on the
physical properties of the liquid, i.e. its
density, viscosity and surface tension. For
the case of small amplitude oscillations,
the frequency and amplitude decay rate can
relatively be easily evaluated. The purpose
of the experiment described here, is to ap-
ply this phenomenon as a straightforward me-
thod of measuring surface tension for gas-
liquid systems.

An approximate analysis of small oscil-
lati?ns of a droplet was first performed by
Lamb™. For the limit of small oscillation
amplitudes and negligible viscosity effects
compared with the surface tension of the 1li-

quid, the expression obtained by Lamb for
the frequency of the n-th mode of oscilla-
tion is:

2 _ (n-13%-tn+l) - (n42) -nra,
[(n+1)-91 + D-pe] ‘R

Qp (1)

where o is the surface tensicn, Pi,e density
of the internal and external phase’and R the
radius of the droplet at equilibrium. The
values of n = 0,1 have no significance as
they describe compression and displacement
motions. The dominating mode of oscillation
is associated with n=2 and the above formula
for a 1ligquid droplet suspended in air will
have the following simple form:

2 B:-0
Qqp“= 3 2
This equation is independent of the fluid

viscosity and gives the asymptotical value
of the oscillation frequency.

An analysis applicable to a viscous
droplet oscillating in a wvacuum hgs been
firs performed by Chandrasekhar?/3 and
Reid®, later also by Valentine et al.®. The
general solution for a wviscous droplet
oscillating in another viscoug liquid was
given by Miller and Scriven However, in
the limiting case of droplets of low visco-
sity oscillating in vacuum or in a gas, all
solutions are considerably reduced and the
oscillation frequency becomes equivalent to
that given by Lamb for the nonviscous case
(eq:1). In the presence of wviscosity,
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Fig.l. Experimental set up.

the oscillations are damped so that their For the mode n=2, which is the most in-

amplitude A will decrease exponentially: teresting for our purposes and in the case

of small viscosity we find by applying (2)
for the oscillation frequency, that the cri-
Ap= A-exp (-t/tq) (3) tical radius\of the droplet is equal to:

2

1.702.0, -v

In the limit of 1low viscous liquids the am- R - ______21___ (6)
plitude decay factor Th of n-th mode of = o

oscillation obeys the following equation:

This gives for a droplet of water surrgunded
R2 by air a critical radius Rc =2.3:107%m. a
tn = V- (n-1)-(2n+1) . (4) deformed droplet larger than this critical
radius will therefore tend to oscillate
while a smaller droplet will aperiodically
where v is the kinematic viscosity. For a return to its former spherical form.
water droplet gf 0.1 mm radius we obtain for
D=2 t; = 2.107°s and for n=3 3 = ZT.1+10" %5,

The third mode is damped almost three times Experimental
faster than the second one.

The validity of the model of periodical Preliminary experiments were performed
Oscillations is ~limited by the viscosity of with water and alcohol droplets dispersed in
the medium and radius of the droplet. The air. A scheme of the experimental setup is
theoretical cons%derations of this problem shown in Fig.l. A pressurized tank supplies
by Chandrasekhar® and Reig4 determined the the liquid to a stainless steel nozzle that
Manner by which the excited droplet returns has an inner diameter of 0.1 mm. A laminar
to the eqguilibrium state. with the help of jet of a few centimeter of length and uni-
the characteristic parameter a, defined as form diameter issues from the nozzle and due

to capillary instability breaks up into a

train of droplets. This disintegration pro-

0 -R2 Cess can be controlled by superimposing ex-

qnz = -4 ’ (5) ternal disturbances to the jet velocity in

¥ order_to obtain almost monodispersed dro-

plets’. However, as monedispersity is not so

they could show that for values of g2 which important in the present experiment it is

°xceed a certain critical. value, damped sufficient to only control the locus of

Ogcillations will occur, while for values of breaklup of the JEt by adjusting the pres-

9~ smaller than this critical value, two sure in the supplying tank. The droplets ge-

a@periodic modes of decay appear. For the nerated are of 0.2 mm to 0.4lmm diameter and
Principal mode n=2 this criticgl value is move at velocities of approximately 1 m/s.

2% = 3.6902 and for n=3 for a3® = 6.026.
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The oscillations are observed by a vi-
deo camera mounted on a microscope. A light-
emitting-diode (LED), at an emission wave
length of 660nm, type H 3000 (Stanley), is
used for illuminating of the jet strobosco-
pically. The light is coupled from the diode
by an optic mono-fibre to get a more homoge-
neous intensity distribution in the field of
observation. Using a condenser lens the
light beam leaving the fibre is adapted to
the aperture of the microscope in order to
illuminate the whole field of observation at
minimum light losses. The LED is drigen by a
specially designed pulse generator which
allows to produce light flashes with a repe-
tition frequency wup to 1 MHz and a duty cy-
cle ranging from 0.05us to 10ys. To minimize
image blurring of the quickly moving dro-

plets the duration of light flashes should
be sufficiently short. For a droplet velo-
city of 2 m/s and a 10-fold magnification,

exposure time with respect to
resolution of the camera should
1 ps. The pulse width applied in
is in the range of 100-

the maximum
the spatial
not exceed
our experiments
300 ns.

The image sensor of the camera is a so-
lid-state charge coupled device (CCD) of
type NAX 1011 (Valvo), of 288 (vertical) by
604 (horizontal) pixels for each of the two
interlaced fields. The camera is directly
coupled with an 8-bit videoprocessor which
allows to store in real time 8 digitized
images. Then, these images are stored by a
computer on a disk for subsequent analysis.

The v%sualization method used in our
experiment” is based on the principle of
multiple exposure of a transient object on a
single video frame. In the case discussed
here we apply bright field illumination and
assume that the droplets which are projected
on the CCD sensor become visible as dark re-
gions. Without any further knowledge about
the nature of the object being observed one
could only state how many times each pixel
of the sensor has been exposed. Fig.2 gives
a video print of such a multiexposed frame.
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Fig.3. Electronically shifted multi-exposed
video frame of jet ~break up. Strobe fre-
quency 20 kHz, flash duration 200 ns.

At the moment however, when we know or
may assume additional details from other
findings an interpretation of the picture

becomes very often possible. For the case of

our droplets we assume that the particles
during the period of observation neither
coalesce nor split up. Then, the shape of

the projection of the particle at the diffe-
rent moments of exposure becomes immediately
visible. Partly, this is also due to the
fact that the object is moving quite rapidly
across the field of observation so that the
overlapping regions of the single superimpo-
sed images are quite restricted.

Another way to differentiate between
the single images on the same frame is based
on a ‘"peculiarity" of the CCD camera. Even
if the object observed performs no transla-
tional motion the video frame as a whole can
be shifted electronically relative to the
image of the object. This occurs during the
image transfer process from the image sec-
tion of the sensor to its storage section.
This process takes in our case about 0.5 ms
and can be prolonged. TIf, during this time
the object is illuminated stroboscopically,
the multiple exposed frame displays the
phases of the droplet oscillation as a row
of vertical beads (during the transfer pro-

cess the whole frame -moves vertically i.e.
along the columns of the pixels). This is
illustrated in Fig.3. Of course, also in

this case overlapping image regions may oc-
cur.

In both cases, the spatial resolution
is additionally connected with the possibi-
lity to detect small intensity differences
on the video frame. This depends on the qua-
lity of illumination and on the dynamic
range of the camera and videoprocessor. In
our case, for an 8 bit processor, more than
100 grey levels of the video signal are de-
tectable. Practically, for such a regular

object as a droplet, only 10 to 20 grey le-
vels are often sufficient to analyze a se-
ries of 20 to 30 superimposed pictures on

one frame. The digital images of oscillating
droplets stored in the computer memory can




be either
printer or

printed immediately by a wvideo

first processed in the computer.
The image pProcessing software available al-
lows by Subtracting the background, gamma
correction and edge breserving filters to

real-time images. Moreover, there exist ru-
les on the topological Properties of su-
perimposed regions which may be helpful for
the coordination of intersecting boundaries
of different cross sections. The so proces-
sed digital images are usegd Subsequently to
analyze the shape of the droplet.

For small amplitude oscillations the
droplet preserves a spheroidal form. If the
symmetry axis of the spheroid is ip the
observation then both of its prin-

lipse observed on the video frame and can be
This case is quite often
encountered in the experiment, as the forces
acting on the jet during the break up pro-
CesSs are axial symmetric and the direction
of observation isg Perpendicular to the jet
axis. Measurements of the ellipse pPrincipal
axes can be done either directly or by a po-
(ellipse) fitting pProcedure,
would reduce the Mmeasurement errors.,

The oscillation of the spheroid appears
as a change of length of its both axes. The
length of “the symmetry axis C(t) of the
spheroid changes in time according to the
following equation:

C(t) = R-(1 + A-sin(a-t + ¢) (7)

where 0 is the angular oscillation frequency
and ¢ the phase angle. As the volume Vv of
the droplet does not change during obser-
vation time, the length of a second princi-
pal axis B(t) of the spheroid can be descri-
bed for A << R by the following equation:

B(t) = '4-i:g(t) ~ R-(1- %-sin(ﬂ-t 3 ¢))(8)

To guarantee negligible changes of fre-
quency 0 and amplitude A during observation,
the time of registration is limited to one
or maximum two periods. This fact excludes
FFT methods to analyze the oscillations.
Hence, the oscillation frequency is evalua-
ted by fitting the theoretical expressions
(7) and (8) to the measured lengths of both
axes of the spheroid. Tt is realized by a
computer minimization of the four parameter
function

FO0.RR)= 3 C1-C(t1))% + 3 [(By-B(ty))2

(9)

where T is the sum over lengths Cy and By of
the axes measured simultaneously at times
ti = i*st, with &t being the time interval
between flashes.
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Fig.4f Example of evaluation for an oscilla-

ting ethyl alcohol droplet. sSolid line -
"best fit» by eq.(9), Squares - measured
values of lengths of axis. Results:
Q = 7.03 kHz, ¢ = 3.92, A = 3.05-10"“mm,

R = 0.156 mm.

First, the evaluation Program checks to
what extent the calculated volume of the
spheroid for each pair of measured axes 1S
constant. In the case of small deviation the
starting value of radius is then evaluated
from the calculated mean volume. Next, the
remaining starting values for the minimiza-
tion procedure are estimated. Then the pro-
gram minimizes either simultaneously for
both measured axes the equation (9) or, for
the case that the axis of symmetry is not in
the observation plane, minimizes only the
first sum of (9) for each axis Separately.
The "best fitting" result is then taken to
calculate the surface tension. Fig.4 shows
an example of calculategd and measured values

of the Symmetry axis for ap oscillating
ethyl alcohol droplet. The calculated sur-
face tension, from (2) for the ‘"best fit-

ting" frequency 0 ang radius R, is

18.5 +1.0 g/cm.

equal

Results

Preliminary experiments were performed
with water ang ethyl alcohol jets. The fre-
quency of the strobe illumination was chosen
in the range from 10 to 20 kHz, which gives
about 10 to 20 pictures for a full period of
oscillation. Among the pictures taken of the
droplets we have selected only those, where
undoubtedly the axis of symmetry of the dro-
in the plane of observation. The
digital images registered were processed to
enhance the visibility of the edges and then
printed out. A pProvisional analysis of the
oscillation used here was performed directly
video prints by measuring the
lengths of the two axes of the droplet
image. Then, these sets of values were pro-
cessed with the help of the above described
minimization procedure to evaluate frequency
Q and droplet radius R, From these values
the surface tension of the liquid was calcu-
lated using eq. (2).

A few examples of surface tension va-
lues measured ip this way are collected in
Table 1 and compared with data available in
literature. The relative error is about 15%.
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The main source of the error is due to an
uncertainty in estimating the droplet ra-
dius. We hope that further progress in com-
puter aided shape analysis will result in an
apparent increase of measurement accuracy.
By additional development of the evaluation
procedure, it is possible to analyze images
of droplets where the principal axes are not
laying in the observation plane and also to

employ more sophisticated, higher order
oscillation models.
Nr liquid Strobe Osc. Droplet Calc. Tab.10
freq freqg radius o o
kHz Q kHz R mm a/s?® _q/s?
1 ethyl 15 .03 0.156 18.5 22.39
2 alco- 15 ¥ 2 L) 0151 17.2
3 hol 15 d. 08 0.150 1723
4 water 10 T.97 0.201 64.5 72.88
5 10 7.46 0.207 61.7
6 20 765 0.204 62.1

Table 1. Examples of measured values of sur-
face tension.

Discussion

It appears that method proposed can be
developed as a very useful tool for measu-
ring surface tension, especially for all
transient processes, where the experimental
conditions are changing very quickly. As a
first application of this method it is plan-
ned to study the evaporation of a single
droplet moving in a vapor. A detailed de-
scription of this process is essential for
understanding the heat and mass transfer me-
chanisms in a variety of industrial proces-
ses and applicaticns and also in atmospheric
sciences. There are two important but very
difficult to measure parameters in the ana-
lysis of the evaporation of a single dro-
plet: its .surface temperature and its sur-
face tension. (This second parameter becomes
very important in the case of liquid dro-
plets evaporating into vacuum, when the in-
ner pressure becomes comparable with vapor
pressure). As the surface tension depends
strongly on the temperature described here
method of measuring surface tension may
also, by proper calibration, offer an infor-
mation about the surface temperature of the
evaporating droplet.

Moreover, this
ter image

method combining compu-
processing with CCD camera high
speed video registration, can also be ap-
plied in several other experiments, saving
time of tedious analysis of high speed 16 mm
mevie pictures. However, the method is limi-
ted to objects with well defined edges and
where registration of only 20-30 images of
the transient state provides sufficient in-
formation. Hence, it is particularly useful
for observation of such processes 1like
oscillations and unsteady motion of mechani-
cal objects i.e. bubbles and particles, pro-
pagation of «cracks in solid bodies, ca-
vitation, boiling, and evaporation of dro-
plets.
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