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Simultaneous Measurement of Surface Tension and 
Kinematic Viscosity Using Thermal Fluctuations 1 

T. Nishio 2 and Y. Nagasaka  2"3 

We have developed a surface laser-light scattering apparatus to measure 
simultaneously surface tension and kinematic viscosity. In this method, we can 
obtain the surface properties by the laser heterodyne detection of light scattered 
from thermally excited capillary waves (called "ripplon"), which are typically of 
low amplitude (~1 nm) and a characteristic wavelength (~100pm). Two 
gratings (d= 100 and 200,urn) were employed to select the wave number of the 
capillary waves and to produce a reference beam for heterodyne detection. It 
was found through an experimental study on water that this contact-free 
method has considerable potential for application to measurements under 
extreme conditions such as high temperatures and high pressures. 

KEY WORDS: kinematic viscosity; ripplon; surface laser-light scattering 
method; surface tension. 

1. I N T R O D U C T I O N  

In the field of  semiconduc to r  p roduc t ion ,  it is required to cont ro l  and  
s imulate  the convec t ion  in the melts  to ob ta in  h igher-qual i ty  single crystals  
[ 1 ]. A l though  the the rmophys ica l  p roper t ies  of  semiconduc tor  melts such 
as mol ten  Si, GaAs ,  and  I n P  are needed,  there  have been a very l imited 
n u m b e r  of  exper imenta l  studies,  with differences often far beyond  their  
c la imed accuracies.  This is because  the the rmophys ica l  p roper t ies  measure-  
ments  of  mol ten  semiconductors  are ext remely  difficult owing to their  high 
mel t ing t empera tu res  and corrosiveness.  In many  cases, the convent iona l  
techniques m a y  no t  be sui table  for the measurement .  

~ Paper presented at the Twelfth Symposium on Thermophysical Properties, June 19-24, 
1994, Boulder, Colorado, U.S.A. 

2 Department of Mechanical Engineering, Keio University, 3-14-1, Hiyoshi, Yokohama 223, 
Japan. 

3 To whom correspondence should be addressed. 

1087 

0195-928X/95/0900-1087507.50/0 ~ 1995 Plenum Publishing Corporation 



1088 Nishio and Nagasaka 

As a potential technique to answer the above-mentioned requirements, 
we have been developing the surface laser-light scattering (SLLS) method 
to measure the surface tension and kinematic viscosity of liquids I-2, 3]. 
The characteristics of the SLLS method are as follows. (i) The surface 
tension and kinematic viscosity can be determined simply by detecting the 
scattered laser light from a liquid surface at thermal and mechanical equi- 
librium, therefore this method has an advantage when it is difficult to insert 
an actuator in a sample such as high-temperature corrosive melts. (ii) Since 
measurement can be performed successively and rapidly, it is, in principle, 
possible to detect the temporal behavior of the surface properties. The first 
SLLS experiment was started by Katyl and Ingard [4, 5]. Subsequently, 
there are some examples of studies on the measurements of viscoelastic 
monomolecular films [6] and the application to crude oil. [7, 8]. The final 
goal of the present study is to measure the surface tension and the 
kinematic viscosity of molten Si at high temperatures. As the first step, in 
the present paper, a new apparatus to measure the surface tension and 
kinematic viscosity simultaneously by the SLLS method will be described. 

2. PRINCIPLE OF MEASUREMENT 

Liquid surfaces are constantly being deformed by the thermal fluctua- 
tions in the form of waves. These waves can be represented as a spatial 
Fourier series of thermally excited capillary waves which are typically of 
low amplitude ( ~ I nm) and with a characteristic wavelength ( ~ 100/zm) 
[5]. The temporal behavior of these thermally generated waves (called 
"ripplon") is governed by the thermophysical properties of the liquid, prin- 
cipally surface tension and viscosity. Since each ripplon acts like a moving 
diffraction grating, a laser beam incident on the surface experiences a small 
frequency shift due to Doppler effect (Brillouin scattering) (Fig. la). By 
detecting these frequency shifts using the laser heterodyne technique, it is 
possible to measure simultaneously the surface tension and kinematic 
viscosity. 

2.1. Dispersion Relation 

The behavior of these thermally driven capillary waves can be described 
by using classical hydrodynamics since they have microscopic amplitude but 
macroscopic wavelength. Hence, the wavelengths of these capillary waves 
are short enough that the effect of gravity can be neglected, their action 
depends only on the surface tension for restoration, and on kinematic 
viscosity for damping. Defining the z = 0 plane as the liquid surface and 
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Fig. 1. (a) Schematic diagram of the reference and scattered beams used 
in the heterodyne detection technique. (b) Schematic diagram of the tem- 
poral decay of the surface wave. (c) Fourier transform to line shape of the 
decay surface wave. 

waves of a ripplon propagating in the x direction only, the displacement 
of the surface can be expressed as 

( ( x ,  t )  = ( o  c o s ( k x )  exp(0ct) ( 1 ) 

where (0 is the initial amplitude and k is the wave number of ripplons, 
respectively, and ct is the complex frequency, defined as 

~x = - i CO o - F (2) 

Here co 0 is the angular frequency and F is the temporal damping constant. 
The relation between k and ~ (dispersion relation) is derived by solving the 
Navier-Stokes equation [ 9, 10] 

coo ~ = (~/p) k ~ (3) 

F = 2vk  2 (4) 

using the following conditions: (i) the amplitude is much lower than the 
wavelength, (ii) there is no motion in deep liquid, (iii) only surface tension 
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acts on the liquid surface as a vertical stress, (iv) there is no shear stress 
on the liquid surface, and (v) the effect of gravity is neglected because of 
short wavelength. Therefore, by measuring the angular frequency 00 and 
the temporal damping constant F (density p is known), we simultaneously 
obtain the surface tension a and the kinematic viscosity v. 

2.2. Optical Heterodyne Detection 

We have used the optical heterodyne detection technique so that the 
intensity of the signals can be clearly detected and can be analyzed in the 
low-frequency field (~kHz).  The optical heterodyne detection technique is 
a method in which the scattered light and local oscillating light (we call 
"reference beam") are mixed, and we obtain the information of the 
scattered light from optical beat signals. The electric field of the scattered 
light Escat and reference beam Er~r are given, respectively, by [ 11 ] 

Escat(t ) = Ascat exp[ i(g2scat t + ~bseat)] (5) 

Er~f(t) = Arcf exp[ i(g2r~rt + ~r~c) ] (6) 

Then the intensity of the mixed beam (interfered light) is represented as 

l ( t )  = [Es~t(t) + Err 2 

2 "~ =Ascat+Arer+2AscatArercos[(f2scat-Orer) tq"(~scat--r (7) 

Here the third term is the heterodyne signal, which oscillates with 
amplitude 2As=tAr~ c and angular frequency (SQseat-Oref). Thus, it is 
possible to amplify the scattered light, using a reference beam stronger than 
the scattered light, and the angular frequency of the optical beat signal 
(I2~at-12,~r) is equal to the angular frequency of ripplon, 00. 

In our experiment, we transform time field signals into frequency field 
and analyze them after taking certain time averages to reduce noise. 
Generally, the displacement of ripplons on the surface is described by 
damped oscillation (Fig. lb). Using Fourier transform, we obtain the 
spectrum of the ripplons (Fig. lc). 

F 
P(og) oC (0__60o)2+1,2 (8) 

Figure lc shows a spectrum called Lorentzian with peak frequency coo, full 
width at half-maximum 2/". Therefore, we can obtain the parameters in 
Eqs. (3) and (4) except for the wave number k, provided we can detect and 
analyze the spectrum of the scattered light coming from the liquid surface. 
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2.3. Selected Wave Number of the Rippions Using Diffraction Grating 

We suppose that the incident beam with the wave vector Ki. is 
incident to the liquid surface with the angle of incidence q~, scattered by 
ripplon with wave vector k, and the ripplon produces scattered light with 
wave vector Kscat and scattered angle 0. We consider the conservation of 
momentum equation along the x direction and use the approximation 
(Kin ,~ Kseat) [ 12] because k is much smaller than Ki.. Then we obtain 

k = Kin Isin q~ - sin(q~ + 0)1 (9) 

Therefore, we can obtain the wave number k of the ripplon provided the 
angle of incidence q~ and scattered angle 0 are known. Furthermore, our 
optical system is set up to be a vertically incident beam. Then q~ = 0, and 
Eq. (9) simplifies to 

k=K~.sinO ('. '0~<0~<90 ~ (10) 

In the present study, the beam is divided into two beams by a diffrac- 
tion grating [6, 13]. As the diffracted beam is generated by the diffraction 
grating, the diffracted angle between zeroth- and first-order diffracted 
beams, 01, is given by 

d sin 01 = 2in 

2n 
= ( 1 1 /  

Figure 2 shows the concept of the optical system. As two lenses are 
employed and a diffraction grating is placed in the focus of the first lens, 
the diffracted beams become parallel due to the first lens and are focused 
by the second lens at the surface. If both lenses have the same focal length 
(f~ = f b  in Fig. 2), the intersected angle of the zeroth- and first-order dif- 
fracted beams 02 is equal to diffracted angle 0~. The reason is as follows. 
The distance from A1 to A 2 and from Bi to B2 are the same because two 
beams between L3a and L3b are parallel. If these focal lengths have been 
measured and it is clarified that fa andfb were the same length, we consider 
that the distance from G to At is equal to the distance from S to B2. It is 
needless to say that the angle / G A L A  2 and /SB~B2 are vertical, so the 
triangle GAlA 2 and SB~B 2 are congruent. Therefore, we can determine 
that 0~ and 02 are the same. Moreover, the scattered angle/9 is equal to the 
intersected angle 02, because these beams are specularly reflected on the 
liquid surface (0~ = 02 = 0). Equation ( 11 ) then becomes 

2re 
K~. sin 0 =--~- (12) 
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Fig. 2. Schematic diagram showing the diffraction grating and lens system 
used to select the wave number of the surface wave. 

Substitution of Eq. (12) into Eq. (10) finally gives the simple equation 

2~  
k = - -  (13) 

d 

Previous workers had to measure the incident angle ~0 and the 
scattered angle 0 when the wave number k is decided; on the other hand, 
we can easily determine k of the ripplons without measuring rp and 0 using 
Eq. (13), if the focal lengths of the two lenses are equal and the optical 
system is precisely aligned. But there are two important points for being 
simple. (i) We must make sure that all focal lengths are exactly equal, 
and the optical system is precisely aligned (01 =02; diffracted angle 01, 
intersected angle 02). (ii) A meniscus must have no effects upon the liquid 
surface (specular reflection on the surface). If the effect of the meniscus 
occurs in the surface, it becomes like a concave mirror (or convex mirror), 
and the scattered angle 0 is no longer equal to the intersected angle 02. 

3. EXPERIMENTAL APPARATUS 

Figure 3 shows the present experimental apparatus. A 35-mW He-Ne 
laser is used for a source of light and is directed to lens L1, a pinhole, and 
lens L2 to reduce beam extension and to remove spatial noise. Then the 
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Fig. 3. Schematic diagram of the experimental apparatus. 

beam is led to a diffraction grating to be divided into two beams (incident 
and reference beams), which are necessary for heterodyne detection. These 
two beams are made parallel by lens L3a and are focused to one point on 
the liquid surface by lens L3b. Between L3b and the liquid surface, we use 
a polarized beam splitter (PBS) and a 1/4 wavelength plate (QWP) for 
vertically polarized incidence. Then the laser light impinging on the liquid 
surface is scattered around the reflection beam by ripplons. This scattered 
light with the reference beam is detected by a photomultiplier tube (PMT) 
using the optical heterodyne technique generated by the diffraction grating. 
The detected light signals are fitted to a Lorentzian profile with peak 
angular frequency o90 and the full-width at half-maxim 2F by the use of the 
method of least squares. Therefore, in principle, we can obtain the surface 
tension and the kinematic viscosity using Eqs. (3) and (4). In the present 
study, we took 128 averages of sampling data in the spectrum analyzer. 
The 1/e 2 Gaussian beam radius at the PMT, which is necessary to correct 
the line-broadening of the spectrum of the ripplons, is measured with a 
CCD camera and a beam profiler, fitted to a Gaussian, and radaii of x and 
y axis are determined. All the optical components and sample are fixed to 
the optical bench to minimize external vibrations. 

4. RESULTS 

4.1. Measurement of the Focal Length of the Lens 

In our experimental apparatus, we select a particular wave number 
of the ripplons by changing the grating constant. In the case of using 

840/16/5-5 
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the SLLS method and detecting by optical heterodyne techniques, it is 
common to determine the wave number by the angle of intersection and 
incidence. Hence, it is quite difficult to realize the two angles. We eliminate 
the parameter arising from the angle of incidence, by using vertical 
incidence. We also determine that the wavelength of the ripplon is equal to 
the grating constant, although we do not measure the angle of intersection, 
by setting up the diffraction grating and a sample at the focus of lenses L3a 
and L3b, respectively. Then the errors in the selected wave number depend 
only on the grating constant. Accordingly, we measured the focal lengths 
of lenses L3a and L3b in Fig. 3, accurately. As a result, the focal lengths 
of L3a and L3b were f a =  1184.3 mm and f b =  1183.8 mm, respectively. 
This difference had an effect of <0.1% on the selected wave number. 
Therefore, we can assume that the wavelength of the ripplons which we 
observe is equal to the grating constant unless we measure the intersected 
angle. 

4.2. Effect of the Selected Wave Number of the Ripplon 

Generally, the intensity of the scattered light of ripplons, [scat, is 
proportional to the inverse square of the wave number k, [ 14], i.e., 

/scat oC k-2(ac~. 2) (14) 

As we mentioned in the previous section, the wavelength of the observed 
ripplon is equal to the grating constant. Equation (14) shows that the 
larger the grating constant d, the stronger the intensity of scattered light 
and, also, the better the S/N ratio is. Then we made an experiment with 
two diffraction gratings (d=  100 and 200/~m), to verify the differences in 
the spectrum and the grating constant dependence of surface tension and 
kinematic viscosity using H 2 0  at 27~ 

The spectrum of the ripplon at a selected wave number is shown in 
Fig. 4. Figure 4 indicates that a small wave number k (i.e., large grating 
constant d) has a better S/N ratio than a large wave number. This indicates 
that the relation between the intensity of scattered light/scat and the wave 
number k is in agreement with Eq. (14). The surface tension and kinematic 
viscosity which are obtained from the spectrum of the ripplons in Fig. 4 are 
shown in Fig. 5. The dashed lines represent the value in Ref. 15. As for the 
calculation of the kinematic viscosity, we employed the correction equa- 
tions given by Hard et al. [ 16]. Both figures show that the larger grating 
constant d gives rise to results with small deviations (the average deviation 
of surface tension is ~0 .5%,  and that of kinematic viscosity is ~ 1 0 % ,  
respectively). 
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Furthermore, as a result of obtaining high S/N ratio waveforms, we 
could observe the value of surface tension getting smaller as the surface was 
contaminated. We used a vessel without cleaning and a cover glass so that 
contamination on the surface was easily promoted and conducted an 
experiment using water as a sample. Figure 6a shows the time dependence 
of the spectrum, and Fig. 6b shows the time dependence of the surface 
tension of water. We had not been able to obtain the decrease in surface 
tension caused by slight contamination when we used a grating with 
d =  100 #m. However, use of a grating with d =  200 gm caused improve- 
ment of the S/N ratio, which made it possible to measure slight differences 
in the surface tension. 

The estimation of accuracy for the measured surface tension and 
kinematic viscosity is as follows. We estimate that-the uncertainty of 
O I = 0 2 is 0.05 %, that of 02 = 0 is about 0.5 %, and that of the grating con- 
stant (d) is 0,1%. The uncertainty of the wave number amounts to about 
0.65 %. The uncertainty of the density is about 0.5 %. Therefore, the uncer- 
tainty of the surface tension is estimated to be +2%. The kinematic 
viscosity includes larger experimental errors because we use the correction 
equation given by H~rd et al. [ 14]. This equation needs as parameters the 
distance between the water surface and the PMT (R) and the diameter of 
the interference beam at the PMT (4). We estimate that the uncertainty of 
R is 0.5 % and that of ~ is 8.5 %. R and r are squared, so an uncertainty 
of 18 % is caused by using this equation. Therefore, the uncertainty of the 
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Fig. 6. (a) Time dependence of the spectra caused by contamination of the water surface. 

(b) Time dependence of the surface tension caused by contamination of the water surface. 
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kinemat ic  viscosity is es t imated  to be + 2 0  %. We es t imate  that  the uncer-  
ta in ty  of  the t empera tu re  measuremen t  is -+ 1 K. 

The  m a j o r  d i rec t ion  of  our  s tudy of  the surface laser- l ight  scat ter ing 
me thod  will be to make  the best  use of  its po ten t ia l  and  to app ly  it to 
measurements  under  ex t reme condi t ions  (such as h igh- tempera tu re  mol ten  
Si), which has never  been accompl i shed  by  conven t iona l  methods .  
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