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Surface Tension and Viscosity of Succinonitrile—
Acetone Alloys Using Surface Light Scattering
Spectrometer !

P. Tin?3 and H. C. de Groh III*

Using a surface light scattering spectroscopic technique, the surface tension
and viscosity of pure succinonitrile (SCN) and SCN-acetone alloys at 0.86,
1.69, and 2.25 mol% have been determined. The surface light scattering
technique, and the procedures used for making the alloys and measuring
their concentrations, are presented. Analysis indicates our interfacial surface
tension and viscosity measurements have an uncertainty of £2% and £10%,
respectively. The surface tension and viscosity were measured at various tem-
peratures yielding relations among surface tension, viscosity, temperature, and
concentration in SCN-acetone alloys.

KEY WORDS: interfacial surface energy; metal analog; succinonitrile;
surface light scattering spectrometer; surface tension; viscosity.

1. INTRODUCTION

Succinonitrile (SCN) and its alloys with acetone (ACE) are widely used
metal analogs in experimental and associated numerical studies of solid-
ification with major heat, solute, and fluid transfer components [1-7]. The
SCN is optically transparent, has a body-centered cubic crystal structure,
a low melting point, and a slightly anisotropic solid/liquid surface tension,
ys1, and thus solidifies dendritically as most metals do. The surface ten-
sion and viscosity are important physical properties needed in the analysis
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of many aspects of solidification, nucleation, Oswald ripening, and surface
tension driven convection (Marangoni convection). Unlike natural convec-
tion, which is driven by density gradients within the bulk fluid, Marangoni
convection is driven by surface tension forces brought about by temper-
ature and/or concentration gradients (thermocapillary and solutocapillary
convection, respectively) along vapor/liquid surfaces. Marangoni convec-
tion brought about by the presence of voids and/or bubbles and can dras-
tically change transport processes in solidifying melts, as was shown in
recent experiments done on NASAs space shuttle [8-10] and by numeri-
cal studies of Kassemi et al. [11-16]. Accurate viscosity and liquid/vapor
surface tension, y;,, data at various temperatures and concentrations are
needed to analytically, numerically, and experimentally model solidifica-
tion and the related governing transport processes; such data for the model
material SCN alloyed with ACE (SCN-ACE) are presented in this paper.

The surface tension of pure SCN at various temperatures can be
found in the literature [17-21]. The authors are not aware of publication
of any viscosity or surface tension y;, data for alloys of SCN. Determi-
nation of the surface tension and viscosity can be made non-invasively
from the characteristics of light scattered from capillary waves generated
by thermally excited surface ripplons [22-24]. The use of surface light scat-
tering (SLS) spectroscopy to measure y;, and viscosity in SCN is dis-
cussed in Tin et al. [17] and Frate [21]. The uncertainty of this technique
is £2% for surface tension and about £10 % for viscosity. Using this tech-
nique, we have measured the surface tension and viscosity of pure SCN
and SCN-ACE alloys at 0.86, 1.69, and 2.25 mol%.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of Succinonitrile and SCN-Acetone Alloys

Figure 1 shows schematically the placement of the cell, containing the
SCN alloy, in the SLS spectrometer. The glass cells had a vertical cylindri-
cal section with optically flat windows at each end, and a feed/riser tube
and tee to a graduated cylinder separated by a Teflon stopcock. A ther-
mocouple sleeve through the side of the cell enabled temperature sensors
to be placed inside the cell. Type K thermocouples were used for control
in the furnace/control/heater loop, and thermistors were used to measure
the SCN temperature. The test cell was cleaned and dried with heat under
vacuum; high purity (99.9+%) HPLC grade ACE was then put in the
graduated cylinder and the stopcock closed. Cells were then connected to
the SCN supply container, and the assembly was evacuated. While main-
taining vacuum, the SCN was melted using a heat gun; it then flowed by
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Fig. 1. Schematic of surface light scattering spectrometer (transmission type).

gravity into the cell. The SCN solidified and the upper section of the feed
tube was fused closed, sealing the cell under vacuum.

SCN with a measured minimum purity of 99.95% was used. The
purity of the SCN was measured by comparing its melting point to that
of a Standard Reference Material 1970 SCN triple point standard from
National Institute of Standards and Technology (NIST) [25]. The triple
point temperature of SCN provided by the NIST standard is 58.0642°C.
Melting points were measured using thermistors supplied by Thermomet-
rics Inc. with equation constants optimized for use near 58°C, through
NIST traceable calibrations at 37, 58, and 90°C. These thermistors were
then calibrated again with the electronics at NASA Glenn using the SCN
triple point standard. For these measurements a computer equipped with
a National Instruments NI 4351 series high-precision temperature log-
ger was used, enabling resolution to 10~* K. After calibration, thermistor
uncertainty was £0.003°C. The initial solidification temperature, T,, of the
undoped SCN in the cell was determined as in Chopra [26], by monitoring
the calibrated thermistor in the cell, placing the cell in a bath, then adjust-
ing the bath temperature so that only a very small amount of solid is
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stable while the rest remains liquid. The purity was estimated by assuming
a melting point change per mole percent impurity of 2°C/mol%; thus,
% impurity = (T, — 58.0642°C)/(2°C/mol%). Alloys were made by opening
the stopcock and allowing some of the acetone to enter the main sec-
tion of the cell. The SCN was melted and mixed with the acetone, then
the new 7, measured as in Chopra [26]. The concentration of the alloy
was then found by dividing the difference between the melting point of
pure SCN and T, (To— 58.0642°C) by the slope of the SCN-ACE liqui-
dus (2.17°C/mol%) [27].

In general, this paper presents interfacial energies and viscosities as
a function of temperature and concentration. The temperature measure-
ments used to determine concentrations had an estimated uncertainty of
40.003°C. The temperatures measured during SLS used a different set
of electronics and did not benefit from a second calibration with the
SCN triple point standard, thus had an estimated uncertainty of £0.01°C.
The uncertainty of the concentration measurements is dominated by the
uncertainty in the SCN-ACE liquidus slope. A reasonable estimate of the
uncertainty of the liquidus slope from the literature is (for concentra-
tions below 7 mol%) m;=2.17+0.03 K/mol%. This 4+0.03 uncertainty dic-
tates our concentration measurements to have an estimated uncertainty of
about +1.5% (£0.015mol% at 1%; +0.15mol% at 10%).

2.2. Determination of Surface Tension and Viscosity Using Surface Light
Scattering Spectroscopy

The determination of the surface tension and viscosity can be made
from the non-invasive measurement of the coherent light scattered from
capillary waves generated by thermally excited surface ripplons. The theo-
retical estimate of the amplitude of these surface ripplons is on the order
of a tenth of an Angstrom (10~!'m) to a few nanometers. The method
measures the power spectrum of a narrow selection of the surface waves
with frequencies between about 1 and 50kHz, depending upon the mate-
rial and temperature. Our SLS system uses the grating heterodyne method
(also known as light beating spectroscopy). Hard et al. [28] first developed
a similar surface light scattering system consisting of a grating placed in
the optical beam path to create a constant local oscillator to beat against
the scattered signal. The grating method also selects the scattered k vec-
tor, which is an essential factor in the dispersion relation equation when
deducing the surface tension and viscosity. Figure 1 shows a schematic of
our transmission type SLS spectrometer.

The laser used was a 532 nm frequency doubled Nd:YVO4 DPSS laser
with power stability better than 1%. The beam was broadened and colli-
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mated with a telescopic beam expander to a 4mm diameter beam waist
measured at the liquid—vapor interface. The optically heterodyned signal
from the first-order diffracted beam is detected by a Si photodetector,
amplified, filtered and finally processed in the autocorrelator or a spec-
trum analyzer. Signal amplification and bandpass filtering was done using
two cascaded bandpass filters (EG&G Model 5113) before it was pro-
cessed by a Brookhaven analogue correlator. The power spectrum, P(w),
of the ripplons for a given k vector is contained in the photodetector cur-
rent measurement and is approximately given by the Lorentzian relation,

P(w)= d I (1
@ _ao[r2+(a)—wo)2+F2+(w+w0)2] )

where w, is the center frequency, I is the full width at half height, and a,
is a scaling factor constant.

In short, the center frequency, w,, and the full width at half height,
I, are related to the surface tension and kinematic viscosity through the
dispersion relation. The dispersion of the ripplon scattering is theoretically
given by [29]

(@0 +20k>)2 + (o/p)k> =42 k* (1 + wp /vk?) /2 2)

and for low scattering wave number (k <o pv?), the above equation can be
approximated by [30]

12
wo<k)=% K32, =21k, 3)

where p is the density of the liquid, v is the kinematic viscosity (v=vq/p
where vq is the dynamic viscosity), k is the wave vector, k =27 /a, and a
is the grating constant.

The spectrum given in Eq. (1) corresponds to the correlation function
R(7) in the following relationship to the center frequency and half width
half maximum of the Lorentzian.

R(t)=A+ Bcos(wpr)e T, 4)

where A and B are constants. Equation (4) corresponds to the measure-
ments where there is no instrumental broadening due to the finite num-
ber of scattering k vectors collected into the photodetector, since imaging
of the grating onto the surface has finite width. This broadening effect is
smallest at the largest k vector, but a large k vector yields less intensity
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that may lead to errors due to poor statistics in the data. Thus, avoid-
ing the instrumental broadening effect by measuring at higher k vectors
is not an appropriate solution. In our measurements we use low k num-
bers of 250cm~!. This results in good quality data and complies with the
approximation of Eq. (3). In most situations the broadening effect is small
enough to be theoretically embedded in the fitting of the function as the
convolution of the Lorentzian spectrum and Gaussian profile assuming
that the laser beam has the transverse Gaussian mode. Thus, a rigorous
approach has been included in the computational procedure of obtaining
the corrected center frequency w, and I'. Initially the correlation function
data is fitted using the weighted nonlinear least-squares routine to Eq. (4).
The resulting parameters are then corrected for the propagation errors and
instrumental function that takes into account the instrumental broadening.
In the process, it includes the correction of the apparent width of the pro-
jected Gaussian beam on the interface. Further details of this numerical
method can be found in Ref. 31.

Additional theory and background details regarding SLS can be
found in Ref. 17; and since the spectrometer setup and y;, and v mea-
surement details also appear in Ref. 17, they are only briefly summarized
here. The beam illuminated a diffraction grating with a grating constant
of 250cm~! developed by Riso National Laboratory, and a diffraction
efficiency between 0.5 and 10% for first-order beams. First-order beams
heterodyned with scattered light are directed into the photodetector, the
signal is then amplified, filtered, and passed to the autocorrelator. Corre-
lation functions at different temperatures were analyzed with a software
written in APL code that performs a correlation function fit and compu-
tation procedures as explained above to obtain the corrected center fre-
quency, wy, and the full width half maximum I" of the Lorentzian, then
the surface tension and viscosity were calculated using Eq. (3). Measure-
ments were done to determine experimental uncertainties using water, ace-
tone, and ethyl alcohol; measurement uncertainty was found to be less
than +2% for surface tension, and £10% for viscosity [17, 32].

3. RESULTS AND DISCUSSION

3.1. Surface Tension and Viscosity Measurement

Table I contains the surface tension and viscosity measurements of
the different alloys at temperatures between 60 and 110°C. Figures 2 and 3
present 4, and vy at the different concentrations and temperatures exam-
ined. Analysis of these data results in the following relations of surface
tension and viscosity with temperature (7 in °C) at various SCN-ACE
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Table I. SLS Surface Tensions and Viscosities of Pure SCN and SCN-ACE Alloys at
Different Temperatures

Concentration Temperature Surface tension Viscosity

(mol% ACE) °C) (mN-m~1) (mPa-s)

2.25 60 33.78 1.44
70 33.26 1.30
80 32.69 1.22
90 31.80 0.81
100 31.66 0.95
110 30.57 0.71

1.69 60 34.78 1.82
70 34.21 1.63
80 33.43 1.45
90 32.68 1.28
100 31.92 1.05
110 31.64

0.86 60 35.8 2.36
70 35.09 1.96
85 34.02 1.50
90 33.95 1.42
100 332 1.13
110 32.29

Pure SCN 60 38.18 2.66
70 37.32 2.23
80 36.48 2.01
90 36.01 1.83
100 34.89 1.50
110 33.97

alloy concentrations (in mol% ACE). For the surface tension (in mN-m~1)
dependence on temperature at various concentrations

Vipure SCN) = 43.14—0.0823T (R*=0.9916), 5)
Y086 molvsy = 39.88 —0.0678T  (R>=0.9914), (6)
Y(.69moly = 38.77—0.0666T  (R*=0.9880), 7

Y@25molsy = 37.57—0.0621T  (R>=0.9762), (8)
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Fig. 2. Surface tension of liquid SCN versus temperature at different
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Fig. 3. Viscosity of liquid SCN versus temperature at different concentra-
tions (mol% ACE).

where R is the coefficient of correlation [33]. Also, for the viscosity (in
mPa-s) dependence on temperature at various concentrations

Vagpure SCN) = 4.11-0.0263T  (R*>=0.9715), 9)
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V4(0.86molve) = 3.98 —0.0283T (R* =0.9893), (10)
VA(1.69molvey = 3-01 —0.0197T (R* =0.9889) (11)
Vd@2.25molvey = 2.18 —0.01337 (R*> =0.8411). (12)

In an effort to produce a relation with more utility, a linear depen-
dence between surface tension and concentration was adopted; this facil-
itated the combining of Egs. (5)—(8) into the following relation among
surface tension, concentration (¢ in mol%), and temperature:

y(T,c) =42.7—2.37 ¢—[0.080 —0.0083 c]T. (13)

A linear relation adopted between viscosity and concentration yields
the following equation among viscosity, concentration, and temperature

va(T,c)=4.36 —0.87 ¢ —[0.029 — 0.00606 c]T. (14)

Even with the approximating assumption of j;, and vq linearity with
concentration, Eqgs. (13) and (14) were found to be within the estimated
experimental uncertainty of +2% for surface tension and £10% for viscos-
ity. Equations (13) and (14) can be used, for example, to estimate the char-
acteristic flow driven by thermo and solutal-capillary forces brought about
by temperature and concentrations gradients along a liquid—vapor surface.

4. CONCLUSIONS

Using the surface light scattering spectroscopic technique, we have
determined the surface tension and viscosity of pure SCN and SCN-ACE
alloys at 0.86, 1.69, and 2.25mol% ACE. The procedures presented for
making SCN-ACE alloys and measuring the initial concentrations (c) and
solidification temperatures (7,) were successful; 7, measurements had an
uncertainty of about £0.005°C, and concentration measurements had an
uncertainty of about £0.05mol%. Based on previous work, comparisons
with standards, and analysis of current measurements, our measurements
of the interfacial surface tension of SCN-ACE alloys have an estimated
uncertainty of +2%, and viscosity measurements have an uncertainty of
+10%. The surface tension and viscosity of the alloys were measured at
various temperatures, between 60 and 110°C, yielding relations among
surface tension, viscosity, temperature, and concentration in SCN-ACE
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alloys. These relations are presented in Eq. (13) and (14). Even with the
simplifying assumption of linearity between concentration and surface ten-
sion (and between concentration and viscosity) Eqs. (13) and (14) appear
accurate to within the uncertainties of the experiments (2% for y,, 10%
for vg). It is hoped that these data will provide needed physical property
values to those using SCN. Future work will include measuring the sur-
face tension and viscosity of SCN-ACE alloys at higher concentrations of
acetone, preferably up to about 10 mol%.
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