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Abstract

MEASUREMENTS OF LOW AND ULTRALOW INTERFACIAL TENSION
BY MEANS OF THE BLADE, SPINNING DROP, PENDANT DROP AND
LASER LIGHT SCATTERING METHODS

by

Domingo Inocencio Jon

Mentor: Professor Henri L. Rosano

Measurements of low and ultralow interfacial tension, vy, ranging from 0.3
1o 3 mN/M. on water/10luene interfaces containing various amount of 1-pro-
pano! and from 107! 10 10~ mN/M on toluene/ SDS/ 1-butanol/ Saline NaCl
interfaces containing various concentration of NaCl has been underiaken with
laser light scattering. spinning drop, pendant drop and Wilhelmy blade
methods. The insirument contribution to the spectrum obtained from the laser
light scattering method was found to be represented by a Lorentzian-squared
function. The Interfacial viscosity is then calculated from the spectral
linewidth using this instrumental function and compared to the bulk viscosily.
Measurements of phase volume and interfacial tension on water/toluene/1-
propancol sysiems indicate thal a requirement for formation of O/W dispersion
is low vy, butl for overall stability, y,. although small, must be positive. From
extrapolation of the measured y, values on water/toluene/l-propanol systems,
it has been found that a residual positive value of 0.2 mN/M is still observed at

cosolubilization.
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CHAPTER 1

INTRODUCTION

It is experimentally difficult to measure low (below 1 mN/M), and
ultralow interfacial tension, y,. Presently, the spinning drop method is used
widely in determining low and ultralow Y; values. In the last few years, a laser
light scattering method has been developed that could determine both y, and the
interfacial viscosity. This technigue has the advantage that it does not perturbe
the interfacial thermal equilibrium and may be used to measure low and

ultralow vy..

It has been known, since V. Smoluchowski (1) remarked in 1908, that the
surface of a liquid is constantly distorted by thermal motions and, therefore,
should present certain roughness. This roughness has a height of about 10 A
and it can be expressed, at a given instant, as a sum of Fourier components. Each
of the components, { g’ can act like a sinusoidal diff raction grating which scatters
light incident at the interface, the zero order (regular refiection) and the first
order diffraction being the only important ones due to the size of the asperities.
From the Bragg condition, the angle of measurement of the scattered light is
related linearly 10 the wavevector of the fluctuations. These surface fluctuations
can be studied by either Homodyne or Heterodyne Optical Intensity Fluctuation
Spectroscopy which measures the photocurrent produced in a photomultiplier
by the scattered light and analyzes it statistically in either the frequency or
time domain. In the analysis, one has to relate the temporal statistics of the

scattered light to the statistics of the surface. One then has to relate the statis-

tics of the electric field to the detected photocurrent.

The statistics of the surface Fourier components, corresponding to a single



2

wavevector, have been computed for both a clean surface and for a surface con-
taining monolayer (2,3). From the study of these surface waves it is possible to
obtain information about the interfacial tension and the visoosity of the system
at the interface. Presently, there is a considerable amount of published work,
both theoretical and experimental, concerning the propagation and evolution of
these waves (4-8). However, until recently, most of the reported studies were
on air/liquid interfaces (yi > 15 mN/M) and on microemulsion systems, where
Y, is ultralow (104 < Yy, < 10°2 mN/M) and the capillary waves are over-
damped (9-12). Recently, Lofgren and Newman (13) reported a study on
liquid/liquid interfaces where the interfacial tension was high and the capillary
waves were slightly damped. These researchers found a good agreement of the
interfacial tension and the viscosity between the light scattering method and
other more conventional forms of measurement ( Wilhelmy blade, spinning
drop, du Nouy ring methods for the interfacial tension and Ostwald viscometer

for the bulk viscosity ).

Here, Laser Light Scattering measurements, in the frequency domain, have
been performed with two systems

1) toluene/ water / 1-propanol

2) toluene/ sodium dodecyl sulfate/ 1-butanol/ NaCl solution
Values of interfacial tension ranging from a few mN/M to 1073 mN/M were
obtained from these systems and were correlated with measurements taken with

the blade method, spinning drop method and pendant drop method.

The dual purpose of this study was to show further the applicability of
the light scattering technique to liquid/liquid interfaces at low and ultralow
interfacial tension and moderate viscosity and to determine y, values of a

toluene/water interface just before cosolubilization upon the addition of 1-pro-



panol, where the oil/water interface disappears.

Due to the finite resolution of the experimental apparatus, the measured
power spectrum is an overlap of several power spectra corresponding to different
wavevectors with an intensity distribution that depends on the instrumental
parameters. An equation has been found which adequately represents this
intensity distribution, or instrumental broadening, of the measured spectrum.
This equation for the power spectrum was used to calculate the interfacial ten-
sion and the viscosity of the solution from the experimental spectrum. The cal-
culated viscosity was compared with that of the bulk viscosity, and the interfa-
cial tension was compared with the values obtained with other techniques. N is
hoped that this study will further advance the application of the light scatter-
ing technique 1o liquid/liquid interfaces at low and ultra-low interfacial tension

and moderate viscosity.



CHAPTER 2

CONVENTIONAL METHODS OF MEASURING
LOW AND ULTRALOW INTERFACIAL TENSION

2.1 INTRODUCTION

It is known that short range van der Waals forces of attraction exist
between molecules and that they are responsible for the existence of a liquid
state. The phenomenon of surface and interfacial tension can be explained in
terms of these forces. Molecules located within the bulk of a liquid are, on the
average, subjected to equal forces of attraction in all directions, whereas those
located at an interface experience an unbalance cohesive force resulting in a net
inward pull. As many molecules as possible will leave the liquid surface for
the interior of the liquid; the surface will therefore tend 1o contract spontane-
ously. The interfacial tension, y;, of a liquid is thus defined as the force tangen-
tial to the surface on a line of 1 cm length on the boundary of the interface, and
has the units of mN/M (or dynes/cm). An equivalent way of looking at the
phenomenon is in terms of the surface free energy of the liquid. The surface
free energy (and thus the surface tension) could be ascribed to a very narrow
region, of infinitesimal thickness. in the immediate neighborhood of the physical
surface of separation between any two phases. It has long been recognized,
however, that there exists no sharp separation between phases. As the interface
is approached from within the bulk of the phase, in a direction normal to the
plane of separation, there is a gradual change in properties from one phase to the
other (14,15). It should not, then, be correct 10 assume that the excess free
energy resides in the plane of the interface. In fact, the "excess" free energy for

elements inside the bulk of any particular phase, due to the interaction between



these phases, is zero. As the interface is approached, in a direction normal to it,
there will be a gradual change in excess free energy, until the maximum is
reached in the outermost layer, where there exists a rapid alteration of the field

of force.

The above picture implies a static state of affairs. However this apparent
quiescent liquid interface is in a state of great turbulence on the molecular scale

as a result of two way trafic between the bulk of the liquid and the Interface.

In this research, the interfacial tension of liquid/liquid interfaces was
measured with the laser light scattering method and the values are correlated
with conventional methods of measuring interfacial tension, such as the blade
method, spinning drop method, pendant drop method. The present chapter
explains the theory and the experimental proceadure followed in determining

the interfacial tension with the blade, spinning drop and pendant drop methods.



2.2 THE BLADE METHOD

2.2.1 THEORY

In the determination of the interfacial tension (or surface tension )} a wett-
able blade is brought to the surface until it just touches the surface (figure 2.1).
A force is then exerted on the blade, and measured. The interfacial tension is

obtained from the following equation.

y, cos@ = .;. [2.1)
where
v, = Interfacial or surface tension in mN/M.
F = Force exerted on the blade by the liquid.
P = perimeter of the blade in ¢cm,

0 = angle of contact between the biade and interface

When the material of the blade is completely wettable by the solution, the
angle of contact, & , becomes 0 and the measured value becomes the tension of a
flat interface. Thus a blade is selected for its wetlability by the liquid (aqueous

or oil).

2.2.2 EXPERIMENTAL

The apparatus consisted essentially of

1) Rosano Surface Tensiometer, model LG (Arenberg-Sage)
2) S5 cm sandblasted platinum blade

3) 5 cm sandblasted teflon blade



Figure 2.1

Fiofile of the Wilhelmy blade.
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Surface tension measurements were taken with a platinum blade, whereas
interfacial tension measurements were taken with a teflon blade. The perimeter
of the platinurmn blade was determined by méasuring the force exerted on the
blade by an air-water interface using A 250 ml crystallizing dish cleaned with
fresh sulfochromic acid mixture (Sodium dichromate/H,S0, concentrated) as
the container. A platinum blade, cleaned by flaming in a non-carbon producing
flame, was brought down to the level of the liquid until it contacted its surface.
The force exerted on the blade was recorded with a Rosano Surface Tensiometer,
and the temperature of the solution was recorded with a glass thermometer.
Taking the values for the surface tension of water as those given in The CRC
Handbook, where 1t is tabulated as a function of temperature, the perimeter of

the blade was calculated using equation 2.1.

The perimeter of the teflon blade was determined with the following rela-

tion

F (teflon ) x P (platinum ) [2.2]

P (teflon) =
F (platinum )

where :

P(platinum )= perimeter of the platinum blade
P(teflon )= perimeter of the teflon blade
F(teflon )= force exerted on the teflon blade by the liquid

F (platinum }= force exerted on the platinum blade by the liquid

The platinum blade was brought 10 an air-benzene interface, and the force
exerted on the blade was measured. On the same solution, a teflon blade was
also brought to the interface and the force exerted on the teflon blade was deter-

mined. The perimeter was then calculated from equation 2.2,

The interfacial tension of the systems studied were measured with the
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teflon blade immersed in the water phase and brought slowly toward the inter-
face until it contacted that interface. Due to the wettability of the blade by the
oil, a foroe, exerted in the direction of the oil phase, was measured with a ten-

siometer, and the interfacial tension was calculated from equation 2.1.
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2.3 THE SPINNING DROP METHOD

2.3.1 THEORY

When a drop of liquid is introduced in another liquid of higher density
contained in a cylindrical tube and the whole mass allowed to rotate, as shown
in figure 2.2, the drop will move to the center forming a drop astride the axis of
revolution. With increasing frequency of rotation the drop will elongate from a
sphere to a prolate ellipsoid to an elongated cylinder. The centripetal force, due
to the rotation, opposes the interfacial tension-drive toward minimum interfa-
cial area. The interfacial tension is determined from the balance of these forces.
The general analysis is treated in appendix A. Here it is considered the case of a

very elongated, cylindrical drop.

Consider a section of the elongated drop of volume V (figure 2.3), where
the centrifugal force on the volume element is @?rAp, and where @ is the speed
of rewolutjon in radians and Ap is the difference in density. The potential
energy at a distance r from the axis of revolution is

2.2
w ”24" (2.3]

and the 1otal potential energy from a cylinder of length ! is

2 4
dmrdr = AP [2.4)

re erpr
zfo u

The interfacial energy is 2wr, {y, The total energy is thus

m! 4{ 2 o?v
E= __f:;"’_ + 2w le = A‘:’ + 2:”' [2.5]

since V = wr 2. Setting dE/dr_ = 0, we obtain the equation
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Figure2.2 Profile of a spinning drop

Figure 2.3 Spinning drop clongated to a cylindrical shape.
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w?MpV(2r,)
A-2Vy [2.6]

O=
r,?

250V
2:!27 _w Ao4(2ro) [2.7)

2 3
y, =2 ‘:"“ [2.8]

Equation [2.8] is referred to as the limiting case equation; it is applicable only

when the drop is elongated and cylindrical in shape.

This limiting case is also referred as Vonnegut's equation (16). who first
suggested this method of measuring interfacial tension. According to Silberberg
(17) Vonnegut's equation is applicable when the axis ratio, rf {, of the drop is
greater than 3.5, although the choice of this critical value is arbitrary and
depends on the accuracy being sought. Vajlues around 0.001 dynes/ cm can be
measured readily and accurately with this method. This limiting case equation
was selected 1o measure the interfacial tension with the spinning drop technigue.

The size of the drop was selected such that the ratio of r/ { is greater than 3.5.

2.3.2 EXPERIMENTAL

The apparatus consisted of

1) 2 mm bore x 95 mm long tubes
2) A Gaertner filar eyepiece micrometer microscope.

3) A spinning drop interfacial tensiometer model 500 from the

University of Texas, Austin.
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In measuring the interfacial tension, a horizontal tube was soaked overnight
in fresh sulfuric acid / potassium dichromate solution. The tube was filled with
liquid from the lower phase, and a small drop of the upper phase was then
introduced into the tube with a small syringe. The tube was made 1o spin with
a sufficient centrifugal force to elongate the small drop to a cylindrical shape
until the drops were on the order of 1/2 to 1 cm in length depending on its
width. The diameter of the drop was read by bringing the hairline of the
microscope 10 the bottom edge of the drop and then moving it uniformly
upward to the upper edge of the drop. The radius of the drop was read at half
hour intervals until three conseculive readings agreed to within % 0.001 cm.
The measured radius of the drop was corrected by the refractive index. The
interfacial tension was calculated from equation 2.8. The experimental setup is

shown in figure 2.4
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Figure 2.4 Equipment setup of the spinning drop method.
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2.4 THE PENDANT DROP METHOD

2.4.1 THEORY

Imagine a droplet hanging from the extremity of a vertical cylinder hor-
izontally cut (figure 2.5). Let define R, and R, as the two principal orthogonal
radii of curvature at any point P on the surface of a droplet. When going across
the surface from the outside to the inside, the Laplace pressure at any point of

the drop equals

_ |1 1
API_?EI_RiI‘}'R—zl [2-9]

From the shape of such pendant drop. the surface (or interfacial) tension
could be determine. The general analysis of the pendant drop method is treated
in appendix B. Here a brief version is given. Taking the pendant drop as a figure
of revolution, both radii of curvature must be equal at the apex (point 0).
Defining b as the radius of curvature at the apex, The Laplace pressure equals

2y./b. Therefore,

2
1 Y. [2‘10]

- 1 T
A”‘*'R—,*f;l‘“’&**r

Where Apg is the hydrostatic pressure term. Equation (2.10) may be rearranged

so as to involve only dimensionless parameters

1 singg _
TR - =B8Z +2 [2.11]
5
where:
Rz - X
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X = x/b
Z=12/b

and the dimensioniess parameter 8 is given by

8= _i‘pyLbz_ [2.12]

From analytical geometry the curvature of a line may be expressed as

; = Z" . [2.13)
1
5 [1+(z*)2|7

where Z° and Z" denote the first and second derivative with respect of X. Sub-

stituting into equation 2.11 yields a second order differential equation.

z" singg _
v+ S =BZ +2 [2.14]

Il +(Z ‘)2]I
This equation may be reduced to two first order differential equations with

the following two initial conditions.

X =0 Z=0
X =0 7' =dX/dZ =0

This equation was solved using the fourth order Runge-Kutta method (18).

The parameter B. negative in the case of a pendant drop. is not measured
directly, but as a shape determining variable it is related to others whose deter-
mination may be easier. In the pendant drop case, Andreas et. al (19) suggested
the relation S=ds/de as the best measurable, shape determining quantity. As
indicated in figure 2.5, de is the equatorial diameter and ds is the diameter meas-

ured at a distance de up from the boitom of the drop. Andreas er. a/ also defined
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a new quantity H as

[2.15]

Thus from equation 2.12

- 2 2
y = Ageb = Mg’e [2.16)

The relationship between the shape dependent quantity H and the experi-
mentally measurable quantity S was determined originally using pendant drops
of water; the error was as much as 1%. Presently, a set of accurate values of
1/H versus S obtained with a numerical integration procedure using the Bash-
ford and Adams tables (20) exists and was based on the fundamental equation

2.11L

2.4.2 EXPERIMENTAL

The apparatus consisted of

1) Rame-Hart NRL. C.A. Goniometer mode! #A-100 stand;
2) alight source;
3) a variety of different sized glass tips;

4) a Polaroid land camera.

The drops were formed vertically from a glass tip with the aid of a
micrometer. The systems studied were placed in a rectangular glass cuvette and
allowed to reach physical equilibrium before the drop was formed. The systems

were totally enclosed to prevent liquid evaporation.
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The droplet was photographed at a shutter speed of 1/125 sec, and the

optical magnification of 10 to 15 was used to photograph the pendant drop in

the systems studied.

The micrometer, with the syringe and glass tip, was mounted on a separate

stand with the capability of being moved in all directions smoothly so as to

maintain physical equilibrium with minimum vibrations and ease of experimen-

tation. The experimental setup is shown in figure 2.6

In our determination of low interfacial tension, a program has been written

(appendix D) that, for a given value of de, ds, Ap, and optical magnification,

will calculate the shape of the pendant drop from the above derived equation

2.14. The procedure used 10 determine the interfacial tension is as follows.

The drop is formed and photographed.

de, ds, and Ap and the optical magnification are measured as precisely
as possible.

¥, is calculated from equation 2.16, using these data and a polynomial
function of 1/H vs S that has been incorporated in the corﬁputer pro-
gram (appendix B).

B was obtlained as a function of S using a numerical expression similar
10 that of Huh and Reed (21 ) (appendix B). Once 8 has been calculated
from the experimentally determined S, b can then be determined from
equation 2.12.

The computer calculates the shape of the drop and the results of the

numerical solution are then plotted.

Two possible cases have 10 be considered:



camera

micrometer

light source

MICTOSCOPC syringe
¥ = — _ﬁ'
cuvette H
L
L
L T T

C
T
1%

=4

I“

3

Figurc 2.6 Equipment sctup of a pendant drop method.

0c



21

6.1- The plotted curve fits the photograph of the droplet. Therefore,

the calculated value in step 3 of ¥y, is acceptable.

6.2- The plotted curve does not fit the photograph exactly. Therefore,
de, ds and Ap or the optical magnification were not measured
accurately and the measurements are then repeated until the

curve fhts the photograph (case 6.1).

2.4.3 THE GLASS TIP

When measuring the surface or interfacial tension of a particular system by
the pendant drop method, it is necessary for higher accuracy that S be near
unity (the drop should be cylindrical as opposed to spherical). It is therefore
convenient to be able to estimate the diameter of the tip of the syringe to be

used 1o produce an S as close to unity as possible.

For a particular system withAp and g known along with a range of y,, one
can estimate the diameter of the tip (DT}, yielding a nearly cylindrical drop.

Referring to figure 2.5, the following may be deduced,

DT =de = 2r [2.17)
S=1 [2.18)

1 _
7 = 0.30586 [2.19]

Substitution of the above equation into equation 2.10 yields
2
y, = ﬂgﬂi = Apg (2r )%(0.30586) [2.20)

rearranging
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2y; a’
? = =
T T Bpg (8)(0.30586) 2.447 [2.21]

where « is the square root of the capillary constant. Therefore,

r = a(0.64) [2.22]
Experience has also shown that when

r € a(0.64) [2.23]
the drop formed is nearly cylindrical. Note that in the case of a solution wett-

able to the tip, r includes the outer glass perimeter of the tip.

For the system of CCl, and air at 25°C

Density of CCl, 1.585 g/cm3
Density of air 0.001 g/cm3
The difference in density 1.584 g/cm?
Surface tension vy 26.0 dynes/cm

Therefore

r = 2y, = 'J _ae) =012 cm
Apg (2.447) 1.584(980.4)32.447 ’ ’

and the diameter of the tip shouild be 0.24 cm or less.

Glass tips were made by taking various capillary tubes and heating them
while rotating them. Once the tube began to melt it was pulled to varlous sizes
ranging from 0.1 t0 20 mm. The tips were then cut perpendicularly and meas-
ured. If the tip is not nearly perpendicular, the forces acting along the circular
perimeter of the tip are not equally distributed due to the excess liguid volume.

This produces the drop 1o fall (as has been observed), making it difficult to
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obtain static equilibrium and also difficult to photograph. If the drop achieves
static equilibrium and the tip is not nearly perpendicular the resulting drop

somelimes is not axisymmetric.

It should be carefully noted that I) the glassware has to be cleaned with a fresh
sulfochromic acid solution; and 2) at low interfacial tension the droplet has a

tendency to detach itself, so vibrations should be avoided.
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CHAPTER 3

LIGHT SCATTERING METHOD OF MEASURING
LOW AND ULTRALOW INTERFACIAL TENSION

3.1 INTRODUCTION

The mechanism of light scattering may be described as follows: liquid
interfaces are constantly distorted by thermal motion in the form of waves.
These waves have a small amplitude compared to their wavelength ( about 10
;\ high), and are subjected to capillary and gravitational restoring forces and
their motion is damped by viscosity. The spatial and temporal evolution of this
capillary waves can be described, on a macroscopic scale, by hydrodynamic

laws.

At a given instani, the vertical displacement of the surface fluctuations can
be expressed as a sum of Fourier components with each component, { @ behaving
as a sinusoidal diffraction grating. Thus, light incident at the interface is scat-
tered by a moving grating and experiences frequency changes due to the Doppler
effect. Because of the small amplitude, the zeroth order (regular reflection) and
the first order scattering are the only important ones. Thus selecting a single
scatlering angle is equivalent to selecting one wavevector from the continuous
distribution of surface waves. In the far field, a single angle of measurement

corresponds 10 each wavevector on the grating.

The scattering process is considered as an inelastic collision between the
incident photon and a surface phonon (a quantum of the capillary wave) which
is either annihilated or created. A surface vibration mode, or surface phonon,

with a given wavevectior q scatlers light by the process

24
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Incident photon % surface phonon —* scattered photon

The scattered light is, therefore, concentrated in a well defined direction related
to q through momentum conservation on the surface plane during the scattering

process {figure 3.1)

q=k'—k [3.1]

where:
k' = 1the projection of the wave vector of the scattered beam on the sur-
face plane
k = the projection of the wave vector of the reflected beam on the surface

plane.

To create a surface vibration mode of wavevector q, it is necessary to work
against gravitational and capillary forces. In cases where the gravitational force
Is negligible, the capillary force energy is proportional to the increase in surface
area, i.e. 10 g7 times the square of the amplitude }{ 2. From the equipartition
theorem for the surface mode, <l§q 12> - kBT/(yﬂz + Apg) (22). Consequently
the scattered Intensity is inversely proportional to both q2, and to the surface

tension ;.

Since capillary waves are damped by viscosity, their amplitude decrease
with time either exponentially, at hight viscosity, or as a damped oscillator, at
low viscosity. At high viscosity, the spectrum of the scattered light is a
Lorentzian centered at w,, whereas at low vioosity, the spectrum consists of two
Lorentzian components located symmetrically with respect 10 w,. But in the
intermediate case, the spectrum becomes very complex and the analysis of the

experimental spectrum requires a prior knowledge of the exact spectral shape.
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The intensity of the light scattered by the surface waves was first calcu-
lated by Mandelstam (22), and Andronov, Leontovich and Gans (23). In the
early investigations of liquid surfaces the studies were limited to the scattered
intensity. With the appearance of the laser it became possible to define accu-
rately the surface wavevector q. also the intensity per spectral range is much
higher than for classical sources. This allows the performance of very high reso-
lution spectral analysis by means of the Intensity Fluctuation Spectroscopic
Technique. The angular study of the scattered intensity reflects the spatial dis-
tribution of the fluctuations, {, while the spectral analysis reflects their tem-

poral evolution.

The scattered intensity with wavevector k' and frequency w is given by

(24):

k' w)=F -S(q,w) w=-w —w, [3.2]

Where w, is the frequency of the incident light. F depends only on the proper-
ties of the incident beam and on the geometrical factors such as the size of the
collection aperture, etc.. and S only on those of the scattering system; S is the
space-time Fourier transform of the correlation function of {(r,t1). The vertical
displacement of the surface point, {(r,¢), due t0 a single wavevector whose pro-
jection on the horizontal plane has the coordinates r(x,y,0) can be expressed as

{(rs) =qe'Y". Where q is the wavevector of the surface fluctuation.

These surface fluctuations scatter 2 monochromatic incident light beam
with a small frequency shift (1tens to thousands of Hertz) which can be detected
and studied by measuring the statistical properties of light scattered from the
fluctuating interface by either homodyne or heterodyne light scattering spectros-

copy (25). One measures the photocurrent of the scattered light and processes it
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statistically either in the frequency or time domain. The spectrum or autocorre-
lation function of the photocurrent is then used to infer the dynamic properties

of the liquid interface.

In the analysis of the experiment, the temporal statistics of the scattered
electric field has to be related to the statistics of the surface. The statistics of

the electric field are then related to the detected photocurrent.

In a heterodyne experiment the scattered electric field is mixed with
unshifted light from the same source; which serves as a local oscillator or refer-
ence signal. In early studies using heterodyne spectroscopy, the reference feld
was generated by dust particles or from rough oplical elements causing parasitic
scattering of light. In more recent experiments, the reference field is generated

from the reflected beam by means of a diffraction grating (26, 27, 28).

In general, one cannot select just one surface wave with a perfectly defined
wavevector. The detected signal, instead, contains overlapping signals from the
nearby wavevectors causing an increase in the width of the spectrum over that
expected from a single wave vector. The contribution of these overlapping sig-
nals to the width of the experimental spectrum is instrument dependent.
Therefore, to calculate the width from a single wavevector, the overlap from the

nearby wavevectors has 1o be substracted.

The present derivation of the surface waves and light scattering properties
follows that given by Meunier (29). In deriving the properties of the surface
fluctuations we start from an intuitive simple description of the hydrodynamic
problem; the parameters which play a basic role are introduced (3.2.1). Statisti-
cal properties of the surface fluctuation is discussed (3.2.2). A method for cal-

culating the surface correlation function is presented (3.2.3) and it is shown to
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be consistent by deriving the response function at the interface when acted on
by an external sinusoidal force (3.2.4). The expression obtained is shown to be
equivalent to a harmonic oscillator in one dimension in the case of low damping
and high damping conditions (3.2.5). The mean square amplitude of the surface
fluctuations is calculated in (3.2.6) and finally the absence of correlation
between the vertical displacement of the interface and the the velocity of the

fluid underneath this interface is demonstrated in (3.2.7).

In relating the scattered light to the fluctuations at the surface, some gen-
eral characteristics of the scattered light are explained (3.3.1). This is followed
by a study of the intensity of scattered light (3.3.2), and a comparison of the
intensity of the light scattered from reflected and refracted beam (3.3.3). The
relation of the spectrum of the scattered light 1o the fluctuations at the interface

is then given in (3.3.4).

Finally the broadening of the detected photocurrent power spectrum due to
the finite resolution of the experimental apparatus is explained in (3.4) followed

by a description of the experiment {3.5)
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3.2 THEORY OF THE THERMAL FLUCTUATIONS AT THE INTERFACE

The equilibrium position of the interface between two fluids is given by the
coordinates X,Y.0. The amplitude of the thermal undulations are assumed 1o be
small compared to wavelength. {(r,7) is a vertical displacement at time t of an
element of surface with its projection on the surface defined by the vector r.
For a liquid at equilibrium, {(r,¢) is a macroscopic variable, such that the aver-
age of the surface displacement, {(r r). is equal to 0. The choice of the initial
conditions, {(r,0), and boundary conditions of the surface waves at the inter-
face, together with the hydrodynamic equations determine the probability of
subsequent values of the fluctuations at any point on the surface, {(r + R,?).

The surface correlation function is, therefore, obtained by constructing

{(r,0)¢{(r + R.t) and applying thermodynamic and hydrodynamic theories.

3.2.1 QUALITATIVE DESCRIPTION OF THE HYDRODYNAMIC PROBLEM

Because of thermal agitation, the surface of a liquid is constantly displaced
from its point of equilibrium and shows, as a consequence, asperities whose am-
plitudes are small compared to their wavelength. This surface disturbance is
damped completely al a distance of 1/q within the bulk (30). Figure 3.2 shows
a typical surface wave, { (x .t ), displaced vertically from its equilibrium point
(X,Y.0) with dimensions AX .L, and ¢! (AX «¢~!) in the direction of 0X, OY
and OZ respectively. The deformation of the surface is brought back toward
equilibrium by capillary and gravitational forces.

(yig? + dpg)laX L [3.3)
where

v, is the surface tension



F(X+0X)

—

F(x)

Figure 3.2 Ptane section of a surface wave displaced vertically from its
equilbrium point.

it
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Ap is the difference in density of the fluids
and

R i
:;X;T = —g?{ is the curvature of the surface waves.

The frictional forces of the fluid layer, F(X) and F(X+ AX), act against neigh-

boring layers in the opposite direction.

0 8’V

F(X)~- :

x)- [, L X IJZ [3.4]
7 = viscosity of the fluid
V; = the velocity of the fluid
8%V;

F(X - - :

(X+8X ) — F(X) "Lufuq_""‘ox dz [3.5)

Taking the velocity of the fluid, d{/dt, a1 the interface 10 be near O at the depth

of 1/q., we have
F(X+AX) — F(X)=ng¢AX L ‘ [3.6]

This reasoning leads 10 an equation of motion of a layer of fluid projected over

0Z that is qualilatively correct at high and low viscosities. Following Newton's

law,
L d% 2 _ di
p d¥
;F+m_+ |qu +Apgk 0 [3.8]

This is a differential! equation of an harmonic oscillator. The form of the tem-
poral evolution which this equation describes depends on the dimensionless

parameter:

_ 1P _ (Force of capillary)x( Force of inertia ) [3.9]
4n’g ( Force of viscosity 3 .
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When y «< 1, The surface wave is damped exponentially as e ~# with the

damping coefhcient

Yi
ﬂ - _27']... [3-10]

This corresponds 10 the surface wave being damped without propagating. The

second coeflicient,

u=2g2 (3.11]

(Y
corresponds to a motion which is damped too rapidly to be observed.

When y > 1 the surface wave propagates as capillary waves in the form

e''* -~ ) The dispersion characteristic of this wave is

w?y = Y g [3.12]

The role of the viscosity is to dampen the propagation of the waves, therefore

the damping coefficient is related to the viscosity by

n

> g? [(3.13)

po=2

The damping coefficient not only includes the viscosity, but also the wavevector
q. Therefore. in the case of large wavevectors the undulations are damped
quickly. Those of small wavevectors, the damping coeflicient is relatively small

even in the case of a highly viscous fluid.

A compiete derivation of the dynamics of the thermal waves shows that
the dispersion equation is not an harmonic oscillator, but this approximation is
an excellent one when y » 1 and y « 1. For y =1, the evolution of the

fluctuations deviate from that of the harmonic oscillator.
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The gravitational and capillary forces acting on the surface waves are weak
forces in comparison to the elastic forces which occur in sound waves. There-
fore, the frequency of the surface wave is very small compared to that of the
sound wave of equal wavevector ( approximatedly 1000 times). This results in

the two types of waves being totally decoupled from each other.

3.2.2 GENERAL PROPERTIES OF THE SURFACE CORRELATION FUNC-
TION.

The correlation function of surface fluctuations in general is

(r,r){(r+R,¢t +¢"). Since the thermal fuctuations at the interface are station-
ary, the correlation function is independent of t'. Since the surface wave is
translationally invariant, it is independent of r. It depends, instead, on |R} the

distance between two points at the interface. Therefore,

IreN{(r+Re v+ = [(0,00f(R, 1) {3.14]

= {r.0){(r+R )

Furthermore, by the linear regression hypothesis, the initial value {(r,0)

evolves in time according to the hydrodynamic equations:

{r+R.z) = Lr 0) f(r ) [3.15]

Thus,

Ir,0){(r+R,2) = [{r.O){(r.0)f (r.1) [3.16]

And the correlation function separates into an equilibrium (equal time) correla-
tion function multiplied by the time-dependent solution to the hydrodynamic

equation. Therefore,
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f(R2)={(r,0){{r +R.1) [3.17]
expressing {(r, 0} in terms of wavevector q.
{(0)=A"" f{(r.O) exp{igqr)d?r [3.18]

where A is the area of the interface.

The surface wave correlation lunction can then be calculated

o, -A"ffﬂr.oifir+ﬁ.:iexpi[q-r—q'-(r-rll)]d’rd’(r-rll) {3.19]
—A"f)‘()?.:)exp{-—i (q+q')-%]d’n fexp[:‘(q—q’)-(r-r %)]d’(r-r .lil_) {3.20])

Since the waves are translationally invariant at the interface, the surface corre-

lation function becomes consequently
[T )= 4n?A7 [ [ (R.1)expl~i (@+q) 38 (a—q)d"R [3.21)

This correlation function is nonzero only if q=q'. The correlation function of

wavevector q is then

Fqlt)=A {000 (1) [3.22]

-4n? A7 [f(R1)exp(—iqR)d°R

Thus the translational invariance of the waves on the surface leads to the
conclusion that the surface waves due to different wavevectors are not corre-
lated. The correlation function is then written as the sum of the correlation

functions of each mode.

The correlation function of the scattered light electric field due to the

undulations of the surface waves of wavevector q, Fg(¢ ), is proportional 1o the
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latter; its Fourier transformation with respect to time is:

Pw)=Qm [ T F ) e at [3.23)
This is the calculated surface correlation function due to one wavevector q.

3.2.3 CALCULATION OF THE SURFACE CORRELATION FUNCTION

The surface correlation function is calculated by taking the average value of
{(t) from a large number of samples whose initial states are known and fixed.
In an incompressible liquid, the surface waves are completely specified if the
vertical displacement at the interface, { (¢ ), and the velocity component in the Z
direction are known at the initial time.

Consider an ensemble of system in thermal equilibrium. Dividing it in several
classes, putting those systems having the same fluctuations ({(0),V,(Z.0)) at a
given time, 1=0, in the same class, and taking the hydrodynamic solution {(r)

1o represent the average value of { (¢ ) for the systems in this particular class:
{a(0)q,(2) = |00 |2£ (1) + L (0IV,o(Z O) A (Z 1) (3.24]

for t >0

Here, f, and h, are functions of the time interval, t, and do not depend on the
initial conditions. Consider all the different classes; from one class to another
{,(0) and V. (Z .0) vary randomly, but f, and h, remain unchanged. Perform-

ing the averaging on the whole ensemble, we can write:

O, () = TLOF )+ [ 0OV (Z.Oh(z.0)dz  [3.25)
fort >0

For ¢ <0 the above equation is also applicable since the correlation function

{,(0)¢, (1) is an even function of 7 as a result of the stationarity of the random

process.
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The average value is then obtained by applying the principle of statistical

mechanics to a system at equilibrium:

kpT
0} - 2 3.26
A YT ET R 13.26]
and

(O Vi (Z.0)=0 13.27]

The first relation is justified in section 3.2.6. The second relation is calcu-

lated in section 3.2.7. The correlation function, therefore, depends on f,{z).

$q(0) () = [ (O |?1,(2) [3.28)

This is obtained by calculating the evolution of a fluctuation having its initial
conditions, {,(0), fixed and V, (Z.0) = 0. The solution of the hydrodynamic
equations having these initial conditions can be obtained through its Laplace

transform in the time domain and the introduction of the initial values {31).
()= [T 00e " ar [3.29]

The problem can also be treated through the fuctuation-dissipation
theorem which states that if one applies to the liquid surface a pressure force
which is periodic, a deformation of the surface occurs. The corresponding

change in energy on the surface is
-—f{(r)\lf(r,z M *r [3.30]

where ¥ is an oscillaling exterior pressure.

The response of the surface acted on by the exterior pressure is described
by the sum of the displacement at different points ( r —r’) of the surface,

caused by the exterior pressure.

{(r.0)= fsdzr fow[x(r—r‘.r YW(r', e )d%x' dt )dt [3.31]
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or in a vector mode
£ (0) = [ Tx ) ¥y (e) dr [3.32]
If ¥, is of the form of ¥ e, { (0) will have a similar form and :

1) = X qw) ¥ [3.33)
with

X = [ xqe) e’ ar (3.34)
In the classical limit of Hw <« kzI, the fluctuation-dissipation theorem states

the thermal Auctuation power spectrum, Plw), is related to the response func-

tion iq (w) by:

ksT -
Polw) = 2 Im(X () (3.35]
T
It is therefore necessary to search for the response X 4 (w) of a system due 10 an

exterior pressure of frequency .

3.2.4 RESPONSE OF A SYSTEM TO AN EXTERIOR PRESSURE, DERIVA-
TION OF THE SPECTRAL WAVES,

Taking p.m,V,P as the density, viscosity, velocity and pressure of the
lower phase fluid. respectively, and p'. . V'.P' the same parameters in the upper
phase fluid. ( p'.n' is not defined if the upper phase refers 1o the free surface of
a liquid ), g as the gravitational acceleration and y, as the interfacial tension at

the interface, The hydrodynamic equations are

1) The equation of conservation of mass

2) The equation of conservation of momentum

for the lower phase and for an incompressible liquid, we have

div V=0 {3.36]
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(MM + (¢ PV = — %Vp + %AV +g {3.37]

ot

Let us estimate the order of magnitude of the term (V.grad)V. The fluid
particles in the wave travel a distance of the order of the amplitude @ during the
time interval of the order of the period r; the period of oscillation of the fluid
particles in the wave. Although the velocity of the particles varies considerably
over the range of r and the wavelength A, the average velocity is of the order of
a/7. The time derivative and the space derivative of the velocity are then of the

order of V/7 and V/A respectively. Obviously

2
(V.grad)V~>_~1/AG/ 1) [3.38]
v YV el (3.39]
o T T |7
(Ve.grad)V is small in comparison to %—Y if
(V. grad )V « %‘l_’ [3.40]
2
1l li 1 (3.41]
AiT Tt
or
{_ « 1 [3.42]
a <« A [3.43]

Thus if the amplitude of the surface waves is small in comparison with the

wavelength, the hydrodynamic equations can be linearized.
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div V=0 [3.44]}

v _ 1 Nav 45
5 pr+p +g [3.45])

Consider a wave-vector directed toward 0X (figure 3.2). The hydrodynamic

equation becomes:

_é: -+ Ta - 0 [3.46]
Vx 1 |02V\ 8’y 1 8P
- - - o A7
& p |8X° §2° p 98 13.47)
9z = |87Vz  §V; _ 1 8P
 » [ex 3z | 78z ¢ 13.48]
The boundary conditions at the interface, Z=0, are
8V  8V: |eV'x  8V':
" |57t % 57 * g% [3.49]
8v. 2 . , 9V’ -
-P + 27 37 * Apg — vy, %}y -—P'+ 27 azz + ¥, [3.50]
V,; =V, [3.51)
V_‘- - V '_\'
V=0 when Z - = oo [3.52]

Conditions 3.46 and 3.47 expresses the normal and tangential constraints,
Applied on both sides of the surface and acted upon by a force of external pres-
sure. Condition 3.48 expresses the continuity of V and 3.49 refers that the
thickness of the liquid is assumed to be large in comparison to ¢~'. Ap is the

difference in density between the two phases (p - p’), and

_ 8L . 8L ax _ 8t —
Vel:-o 5 t A% dr Y is an approximation of the amplitude of a wave
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that is very small compared to its wavelength.

The equation of motion of the surface due to an oscillating exterior pres-

sure, ¥,*e ', and parallel to OX is written in the most general way as:

Vy =e Ve w Te™ % 4.(w) [3.53])

m,

From equations 3.46, 3.47, 3.48 it can be deduced that

m;=gq [3.54]

- @;_“:7"'5 [3.55]

where +./ is taken as the square root of a positive rational number

Substituting m = m,, we have,

Vy =e“Y e [A &7 + B ™|
V, = —ie%Y ¢ 7' (A ¢9Z + B %e"‘z] (3.56]

C &
F_ebq.\e uurA_qu

For the upper phase

T
Vy =e% e i [A'e™92 4 B'em 7 ] [3.57]

Vigmtie® e [Ae™ + E Bren? )

_}:,_ e e (A D)
P q

The coefidents A, B, A’, B’ are determined from the boundary conditions satis-

fying:
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m
q

B' =0 [3.58]

B + A .+ n'*,mv'-t-i'
q m

2nA + 2+ 4
m

‘ 2 2P A ' twip . . . ;
Mug +ilygl+lpp )—iw r A + |2nwg iy B - [ ag - A= 2Mwg B = ~iw¥"
A + B - Al - B -0
A + 4B + A + 2 B -0
m m

This is a linear system of 4 equations with 4 unknowns and with the second

member having an unique solution. The response { due to a perturbation ¥, is
Lo~ e LA (w)+ LB wIme [3.59]
W m

i.,(m)-%[A(m)w‘%B(w)] [3.60}

In the case of a free surface the fluctuation of a fluid assumes p' = 0 and
n' = 0. The system then reduces 10 two equations with two unknowns because
the last two equations depend on the velocity on both sides of the surface
(equation 3.51). In this case it is not a valid condition. The solution of the set
of equations and the application of the theorem of fluctuation-dissipation lead
to the spectrum of thermal fluctuation:

2

T, kT 1
P (w)= Im S — [3.61]
g g rwr, y+(l—iwr, )~ +J/1 2wr,
where
-_P 3.62
_ply. +pg/g?) [3.63)

4n‘q
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The parameter y corresponds to that which was introduced in section 3.2.1.

_ (p/ g)x(y, g’ +pg) _ (force of inertia ) x( force of balance ) (3.64]
(2ngq?)? ( force of friction

and 7, has a time dimension and is inversely related 1o the viscosity of the

liquid.

Taking }; as an analytical function of the complex variable w, the poles of

this function corresponds to the roots of the dispersion equation

y+(l—iawr, - Y /T -2iwr, =0 (3.65)

A closer look 1o this equation shows that with /m(w) <0 its two roots have a
dependence on y. When y > 1, both roots are complex conjugates. The surface
waves propagate at the frequency » and the damping of the wave determines the
spectral linewidth centered at £¥. When y <« 1, the surface waves are damped
without propagating. The spectrum has a maximum value at zero frequency.
The transition from a damped surface wave to a propagating surface wave is
continuous with y = 0.145 being the critical point and with equation 3.65 hav-

ing a double root.

The spectrum of an interfacial wave, between two liguid phases, shows
greater complexity than that of a free surface wave. lts power spectra, Pq(w).
includes p’.m'.and p,n the upper phase and lower phase density and viscosity
respectively and y,. the interfacial tension. The power spectrum function is

given as:

Po(w) = (y1/ a,9?) (ks T/ mw?) im [D (i wT)] ! [3.66]

T=(p+p) 2n+nk? a, =y +{p—ph/q?

and



y =a,(p+p') 4 +n'Yyq

. (p = p?24+2Rpp') nim—-1) — 9'(m' —1)
D) = y+ (p +p') nlm+1)+n'(m' +1) §

pn(m’+ D+nim—1+m (m+1)} .p nimis1)enm' =1 +mim' +1)]

m—1 m — 1
+

(p+p)In(m + 1)+ ' (m" « 1]

1., PP ., PtP
m= + 142 ——— 8§ m o= + 1+2 s
v PP kP v ErE 13

R a_We—-mip

M+ (p+p)

+ v = positive rational number
g = gravity acceleration constant
¢ = wave-vector of the scattered light
T = temperature

k, = Boltzman constant

LATOR.
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Sl

3.2.5 COMPARISON OF THE SURFACE WAVE TO A HARMONIC OSCIL-

When an oscillating perturbation of wave-vector q is applied at the inter-

face at time t' = 0, it induces in the Buid a vertical displacement, Uq(t). at depth

z, which at time t* >0, is related 1o (¢ ) by

Ug(Z t)= [TKA(Z.t'=t)) L, (1) de

from equation 3.56 and 3.59 U,{( Z,¢) and {, (¢ ) can be written as

—iwts) 1
(q(t)-fe "" )a[A(m)+;-?;)-B(w)]dw

Uz = femr Lare? + 27 plulldw

[{3.67]

[3.68]

{3.69)
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Taking the Fourier transformation of equation 3.67 and taking into acoount

equations 3.68 and 3.69, we obtain:

LAl + 200 B W)= LA+ —2< B@If “K(Z.0)e™ ar [3.70]
w m{w) @ m{w) ° ' )

For the case of a free surface (the case of an interface between two fluids is

analogous), equation 3.58 becomes

mAw +¢g{l—iwr,)B(w)=0 [3.71]

and from equation 3.70 and 3.71 :

K(Z,0) =W [ 7K@ t)e'™ dr (3.72]

1—-2iwr

0w g92) [3.73])

i z*
o

The first term, e%?, is independent of w and corresponds 1o a potential flow
induced by a pressure variation. In an incompressible liquid, as the surface is
displaced, the pressure variation is transmitted instantaneously into the bulk.
The second term is characterized by a retardation of the order of r, and
corresponds to the a rotational flow. In a viscous fuid {(ror V#0)} the surface
displacement creates horizontal vortex lines perpendicular to q, which diffuse
inside the liquid with a time constant 7,, and progressively excites a retarded

displacement under the surface.

Defining w, w, as the frequencies where F,{(w) assumes significant values, in
low and high damping conditions X (z.w) may be simplified within the range
(w;,w;). In the case of low damping (w,,w;>1/ 7,) and K (z ,w) =e%. For the
high damping case (w,.w,<<1/ 7), K(Z ,w) =e%? (1 + gZ ). In both cases X is fre-
quency independent in the range (w,.w,). For low damping the rotational flow
has no time 10 set in before the surface wave has compietely decayed. For high

damping the rotational flow sets in faster than the wave decay. In both cases
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the surface wave is not perturbed by the dispersion process associated with the
transmission of a motion from the surface to the bulk. The surface response is
analogous to that of a resonant system. The interface then acts like a thin
membrane with the surface wave behaving like a harmonic oscillator having the

same frequencies as the roots of the calculated dispersion equation.

A dissipation process in the liquid under the surface is always present but
it modifies the spectrum only when its characteristic time is of the order of the
time decay of the surface waves w; <1/ 7, <w;; the wave decay and the
transmission of motion under the surface take place simultaneously. Therefore,
the corresponding bulk dissipation process appears on the spectrum. The transi-
tion from underdamped to overdamped surface wave ( y = 0.145 ) occurs near

the critical damping.

3.2.6 AMPLITUDE OF THE SURFACE WAVES.

The mean square amplitude of the waves can be obtained without resorting
10 hydrodynamic calculations since the amplitude of the waves does not depend
on their temporal evolution (22). The calculation assumes Boltzmann statistics
at room temperature, T =~ 300°K. The region of frequency is limited 10 0 < <

10'5 Hz because of the requrement that Ko k7.

If AS is the variation in entropy in the liguid due to the surface fluctua-

tions, statistical mechanics shows that the probability @ of the fuctuations is

- ASiky

proportional to e . This variation in entropy is bounded by the minimum

work required 1o create a reversible fluctuation at the interface.

w min

as = —2° [3.74]
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Where T is the absolute temperature, W, is the potential energy at the
interface. The deformation is done infinitely slowly. Therefore work done

against the force of viscosity is neglegible. The potential energy is in two parts:

1- The energy of surface tension is proportional to the increase in area, A4, of
the interface due to deformation (£, , = y,-A4, where y, is the surface ten-

sion).

2- The energy required to overcome gravity.
Epz-ff(p—p')g(d(dA-%(p—p')gm’ [3.75]

where p' and p are respectively the densities of the upper and lower phases, ¢
the gravitational acceleration, [{|? is the average of the squared value of |¢{| in

the portion of the interface considered.

M-fA'Jl+|M|+|6{(o;‘)|2dxdy—A (3.76)

Taking the amplitude of the waves to be very small compared to the

wavelength, the expression can be simplified to

M'_;'j;\

The potential energy of the waves at the interface is then

E,-%f lo_i

As previously stated, the surface waves can be expressed as:

ag(r D, | attr r’| dx dy [3.77

2

y, gi +g(p—p) 3| dx dy [3.78]

{(re)= Tlolt)e s (3.79)
q

Since each mode of { is not correlated with other modes, the potential energy of

the waves is then the sum of the energy potential of each of the modes.
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E, - i;—; [yig2+g(p —p)1|¢a(¢) |2 d%

-3 E (q) ’ [3.80]
9

The probability @ of a wave is obtained as the product of the probabilities rela-
tive to each mode.

e Erl AT o By @y AT

=11
fe-s’“r de, 1 fcvs’(q)l ol dE,(q)

P = [3.81)

The average value of |{,(t)|? can then be calculated from the probability w(q)

[3.82]
fe =E, (q)/ kT dE,(q)

[{(e) ) =

kT
(¢ )? = 3.83
oo [v,q2+2(p — p)lA 3831

Because the process is stationary the average value of [{,(r)]? is independent of

time.

From the average of the square of the surface waves of wave-vector q, the

average squared of the amplitude of the waves is calculated.

K17 = Z Kol [3.84)

If the interface is of dimension L. x 1., the wave-vector 1then satisfies the relation

g2~ 5(:;2 +m?) [3.85]

where n and m are integers. It follows

RP-IX Lkl 3.86)

moa (7,-%2-(n2+m2)+ Apg )A

replacing the sum for an integral we have
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TR 1 1 kaT
- 1 d [3.87]
RF-J. = ng+opg)

—r—— 2 .
I{ Iz - kT L-Og'j'!glz + &p 8 [3.88]
Y7 gl + dpg

where q, is a very small wave-vector.

%=1 [3.89]
Because the dimension of the interface increases as q,—0, the lower limit of the
integral is determined by the term Ap-g. This ts due to the fact that the ampli-

tude of the undulations of large wavelengths is small.

If q, is the upper limit wave-vector of the integral, when q; — the
integral diverges. As the wave-vector q, approaches infinity, the wavelength
approaches the intermolecular distance. Since only those surface waves having a
wave length longer than that of the wave length of light are detectable by the
incident light beam, ¢, =2#/ A. The waves which are of interest are, therefore,

those with wave-vectors that lies between 1/A and 0.

— kT y. 2w/ A

2 -
1< oy 8 g {3.90]
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3.2.7 CORRELATION BETWEEN THE VERTICAL DISPLACEMENT OF
THE INTERFACE AND THE VELOCITY OF THE FLUID BENEATH.

1t should be noted that for a single wave {,, the solution to the hydro-
dynamic equations give a definite velocity field in the fluid adjacent tc the sur-
face. In fact, the surface wave has a penetration depth of the order of 1/q and a
displacement at the surface cannot be dissociated from the liquid flow under-
neath and viceversa. The present derivation applies to the overall fluid in ther-
mal equilibrium. Here, there is no correlation between the vertical displacement
of the interface and the velocity of the fluid below this interface, considered at

the same time.

Vo (X, Z.0)0(X, . 1)=0 [3.91)
Where the average is taken over an ensemble of systems in thermal equilibrium.

Expressing V, (X, Z){(X,), For each system, as a function of position q, and

momentum p, of the individual particles, we have

1 P:.,
N m,

V.(X.2){x,)=F xzﬁl,qz_, - A (pg,) [3.92)
' i

Where N and N’ are the number of particles inside small volume elements V and
V' around the poinis X, Zand X_. Z =0. If N and N’ are large and if the volume
elements have dimensions thatl are small compared to 1/q, the final resull will

be independent of their choice. The average quantity can then be written as:

— m —
V(X . ZH(X,)=A o f dp, ... f dyg; .. A(p .g)e AH(r, 9, [3.93])
— o v
where H is the Hamiltonian of the microscopic system. In the absence of a mag-
netic field, it is time reversal invariant. When time is reversed the position of

the particle is unchanged and its momentum is reversed:
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H(p,.q, )= —H(—p;.q, ). Using the definition of A
A(pi.g;)= —A(=p,.q)) [3.94)
the result is
A=—-A o A=0 {3.95]

The result holds for any X and X , therefore:

[V X, X —X,7dx, =0 [3.96]
or taking the Fourier transform with respect to x:
V,(Z ), =0 [3.97]

A similar proof could be used to show the absence of correlation between
two different physical quantities considered at the same time, providing their

product is an odd function of time.
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3.3 SCATTERED LIGHT CAUSED BY THERMAL WAVES AT THE
INTERFACE

3.3.1 CHARACTERISTICS OF SCATTERED LIGHT

Consider an interface between two liquids covered by a set of waves of
different phase shift and amplitude and with a range of wavelengths which cov-
ers a large range of the spectrum. The amplitude of the surface fluctuations, {,.

is assumed 10 be very small compared to the wavelength of light, A.

.‘r‘ « 1 [3.98]

In this approximation, the surface waves of wave-vector q can be treated
independently of each other. The interface can then be treated from the
viewpoint of optics as a superposition of waves with phases of periodicity 27/q.
When a beam reaches the interface, it is reflected (spectrum of zero order) and
also diffracted by each of the waves at the interface. J.W. Rayleigh (33) has
shown that the intensity of the spectrum of order n is scattered from the inter-
face proportionally to ({,/ A)". Therefore only first order scattering has a non-
neglegible intensity, thus establishing a relation between the angle of observa-
tion, and the wave-vector q. At a defined direction of observation the spectrum
of the scattered light is associated to one and only one surface wave-vector
whose intensity is at a maximurm, corresponding 1o a irst order scattering inten-

sity.

Assume a scattered beam in the direction of 9:‘ ¢, originated from a point
P on the interface. v, is the frequency of the surface wave responsible for the
scattering at point P. The incident light beam with frequency », undergoes a

Doppler effect on its scattered beam with a frequency shift of ¢ from a first
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order scattering of the light.

Vo — ¥, = 2V, [3.99}

This can also be looked at as an annihilation or creation of surface phonons.
Incident photon + surface phonon — scattered photon

Incident photon - surface phonon — scattered photon

The frequency relation may also be treated from the energy conservation
perspective. Taking 1/7, the life span of a surface phonon, the scatiered beam
shows two peaks with frequency v, = v, 2p, with linewidth of 7/7. The wave-
vector q. and the direction of the scattered light are related through the princi-

ple of momentum conservation. Taking (K ) and (K )

o‘plane s’ plane as the projection

of the reflected, K . and scattered, K_. beams wave-vector on the surface plane

(fBigure 3.1)

(Ko)plane - (K.)pllm = +q [3-lm]

Transforming the relation in scalar terms
¢’ =K7?sin?0, + K2 sin%@, — 2K, K, sinf,sin0,cos ¢ [3.101]

where
8. = angle of incidence at the interface
@, = angle between the scattered ray and the normal

¢ = angle defined by the plane of reflection and the plane of scattering

The frequency shift is small compared to the frequency of the scattered

light (the frequency of the incident light is = 10 !5 Hertz).
K, =K, [3.102]

therefore:
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g’ =K2(sin%0, + sin%@, — 2sin0, sin@, cos¢ ) {3.103)

3.3.2 INTENSITY OF THE SCATTERED LIGHT

The intensity of scattered light due to the fluctuations at the interface of
two liguids or at a free surface of a liquid have been studied by Mandel-

stam(22). The assumptions involved in his calculations were:

1.- {4/ A « 1, the amplitude of the fluctuations of the surface or interface
is very small compared to the wavelength of the incident light, The
interface can be taken as a superposition of waves with wavelength
27/q. These waves scatter light independently of each other and only

in the first order scattering spectrum.

2.- gD > 2w, the diameter of the light beam, D, on the liquid surface is
large compared to the wavelength of the surface fluctuations. This
allows the assumption of light scattered from an incident beam of

infinite diameter.

3.- The thickness of the interface { zone where the refractive index varies

appreciably ) is small compared 1o the wavelength of light.

First Mandelstam, then Andronov, Leontovich and Gans (23) determined

the scattered beam intensity to be

dl 16m [ A | L, P

a5 E e

1(6,.8,,¢.N) (3.104]

where
Io is the intensity of the incident beam on the surface A at the interface, A’

is the projection of A on a plane normal to the direction of observation, N
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= n,/ n,, where n and n, are the refractive index of the media of the
reflected and refracted light respectively, and |{, |2 is the average of the

squared of the amplitude of the surface fluctuations of wave-vector q

kgT
Tt 12 = 3 [3.105]
ol = s

Experimentally, usually y,¢?>2pg. [{4]? then varies proportional to 1/ g2
Therefore the scattered light will have non-neglegible intensity in the neighbor-
hood of the reflected and refracted beam, where the magnitude q of is small.
The geometry of a reflected and a refracted light on an interface with their
respective scattered beams is shown in figure 3.3, where 6  and 0 are defined as
the angle of reflection and the angle of scattering on reflection respectively, 9'0
and © s are the angle of refraction and the angle of scattering on refraction, and

the angles ¢ and ¢ are defined between the plane of reflection and the plane of

scattering on reflection and the plane of scattering on refraction, respectively.

The function f(0,,8,.¢. N ) is tabulated on table 3.1. The distinction
between light scattered on reflection and light scattered on refraction is provided
by the upper indices R and T respectively. The polarization of the incident
beam is assumed to be paralled (Il) or normal (1) 1o the plane of incidence. The
function f (8,.N ). on table 3.1, represents f (8,.9,.¢. N ) by a small scatter-

ing angle (¢ = 0,0, =@, .6°'=0_ ).
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TABLE 3.1: Angular dependency of the intensity of the acattered reflected
beam and the scattered refracted beam. The function £f(8 , N)
represents f(8 , 6, ¢, N) by a small scattering angle and ¢-(f’

TABLE 3.1
1{N2-1) [ cosB  cosB £ ]
3.106 | fR(0 .0 .¢.N) | -— —l+. ..
| ] |
IHIN2-1) [ cos@  cos®, cosd ) 2
3107 | fR(0..0,. . N) | Il s
- | B |
1(N2-1) [ cos®  cosO’, ¢ ]
3108 | {140 .80,.6.N) [ N¥foome T
I 3 I
I(N2-1) [ cosf | cosd’, cosp ]2
3109 | 700 .8, ¢ N) | N oo ey
: | 8 |
ltan(® -0° )1
3110 | R (8 . N) oo oemee - cos*0
| tan(@ +8° )
) sin(@ -8°,)12
3111 | f* (8 .N) o m e | cos*d
- I 5in(6 +8° )
Ian(6 -6 )3
312 TT. (6_.N) N3 oo ! coszﬂocoszoo
I5in(@ _+0° )
I5in(8 9" )P
3113 le (@,.N) |\ AN coszoo coszﬁo
- Isin(@ _+0° )i
where
€ = (cos0’ cos@’, cosd - 3in@  siné ) & -(NcosO +cos® )( Ncosh + cosf )
¥ = (cos8 ', cos® cosd + sinf", sinf ) B = (cos6  + NcosO°, ) ( cosB + Neosf ')

R = scattered light from a reflected beam
T = scatiered light from a refracted beam
i = polarization of the beam normal to the surface
1 = polarization of the beam parallel 1o the surface
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3.3.3 COMPARISON OF THE INTENSITY OF THE LIGHT SCATTERED ON
REFLECTION AND ON REFRACTION

In order to compare both intensities, the solid angle of the light scattered
on reflection, d{ in the direction of € _, &, and the light scattered on refraction,
d{Y', in the direction 8°,, @ should be such that the scattered light in dQ) and
dQ' is due to the same fluctuation at the interface. In the range of the surface
waves of wavevector q within the interval g¢,.q, +dg, iq,.q, +dg,, the

wavevectors and their scattered angles are related according to

—sin 8, + 5inf, cos¢p = }2% (3.114]
. : Agy
sin @, smq,b--—zF {3.115]
A'g,
—sin @', +sin @', cosgp' = 21 [3.116])
. Ny
sinf’, sing’ = 5 [3.117)

The intensity of the scattered light in the solid angle d{) = sin®, 48, d¢ and
d{Y=sin@', d0°, d¢ is from 1o the same wavevector q if we approximate ¢ =0

and ¢ ={0. The relation then becomes

) A | cosB,
qaq - H","m {3.118]
1 cosf®,

A0~ oy og—d 0 [3.119)

This study of the intensity of the scattered light by surface waves with a con-

stant relative index, N, and incident angle 8, is reduced to a study of the
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angular factors (equations 3.104 and 3.118)

FF = %/ cosb, [3.120]
due to scattering on reflection, and

TS 1 cost,,
From D \ Nt | ooy [3.121]

due to scattering on refraction.

Table 3.2 shows the expression of F* and F/ when the polarization of the
incident beam is either parallel or normal to the incident plane. These formulas

is summarized into the following expressions:

light scattered on reflection

dIq) _ 16w ol
d 1} .\2 l!

Ig cos0, [3.126]

where I; is the intensity of the reflected beam.

light scattered on refraction

! . 2 »
JI(Q) 16‘"‘2 | q| sin (oa -8 o) N
an o e 7ot [3.127)

Ir is the intensity of the transmitted beam.

When the coefhicient N is equal to 1, equations 3.123 and 3.125 are identical.
The intensity of the light scattered on reflection and the light scattered on
refraction, with a polarization normal or on the plane of incidence, is propor-
tional to 1/N. Thus, if N is close to 1, the intensity of the light scattered on
refraction is independent of the polarization of the incident beam and is pracii-

cally equal to the intensity of the light scattered on reflection, polarized normal
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TABLE 3.2: Intensity of the scattered light by surface fluctuation
with a constant relative index N, and incident angle 0 .

TABLE 3.2
| tan(6 0" ) 1
3.122 FR, = R,cos’0 Ry = lrm-mmmmo |
| tan(8 +8° ) |
i sin(0 0°) 2
3.123 F= R cos@_ R e |
i T 1 sin(@ +8°) |
sin¥(@ 0-8 ’0) i 2 sinf S cosﬂo |
3124 | FT, = (N/A) T, oo cosf | | Tym b e 2
sinze'o | sin(@ +8° ) cos(6 -0°) |
sinz(ﬂo—O'o) I 2 sinf°, cosOo )
3125 | FT = (N T, -2l cosd ) I e
- - sinZf ' T sin(@ +8°)) |

where

Index l = polarization parallel to the plane of incidence
index | = polarization normal to the plane of Incidence
index R = light scattered from a to reflected beam
index T = light scattered from a refracted beam

R = reflection coefficient

T = refraction coefficient
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to the plane of incidence.

Introducing the notation

N =n/ne=N"} if n; >n_
N =n/n=N if n, <n_

If N' and 90 are fixed, the intensity of the light scattered on reflection is max-
imized when the light is polarized normal to the plane of incidence. In fact, the
intensity of this scattered light is proportional to the reflected light. This is at a
maximum when the polarization is normal to the surface because of the inequal-

ity (equations 3.122, 3.123, 3.126, 3.127)

[3.128]

[sin(0, =8 ) [ _ [wnce, ~0,)
|sin (8, +8) | ~ [an(8,+07,)
Keeping N’ constant, the intensity of the scattered light is then a function of 90.
This presents a very pronounced maximum when the incident light is pro-
pagated in the medium of higher refractive index and around 90 - (9°)cm.

corresponding to the critical angle. In this case, the maximum is then indepen-

dent on the direction of polarization.
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3.3.4 SPECTRUM OF THE SCATTERED LIGHT

We have yet 1o relate the thermal waves at‘ the interface to the intensity of
the scattered light. The scattered light is subject to a Doppler effect from the
fluctuations. The spectrum of the scattered light then refiects the temporal evo-
lution of the amplitudes of the waves at the interface. The objective is to relate
the spectrum of the scattered light 1o that of the power spectrum, Pq (w) of the

fluctuations at the interface.

Defining E as the amplitude of the electric field of the incident beam with
frequency v, and assuming, for the moment that the fluctuations at the inter-
face are motionless, the electric field E (K_, 1) scattered in the direction K_ by
the fluctuations {q is a function of the incident and the scattering angles, the
relative refractive index between both phases (N= n/ ni) and the wavelenghit of

the incident light beam.

EK, t)=E e H (XK, K \N,/{,) (3.129]

The function H is zero if { q" 0. except in the direction of the reflection. Taking
{,/ A<«<1, H can be expanded in a polynomial series. The zero order term is
zero, except in the direction of the regular reflection. Only the first order term

in{,/ A is imporiant.

[}

ta

X [3.130]

E(K,.t)=Ee '“"H{(K, K, AN)

Since the amplitudes of the surface waves fluctuate with time, the electric field
of the scattered light, E, (K, .r ), al any point in its line of propagation depends
on the state of the fluctuations at the time (t-a/c), where a/c is the time of pro-

pagation of the scattered light beiween the interface and the point of
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observation.

E(K, .t )=Ee ™ H (K, K aN) S —A“/"’) [3.130A])
The power spectrum of the electromagnetic field is given by (32)
E7(K,, 2
P, (K. w) = lim B (K@) | [3.131]
7= 2T
with
EN(R, @)= [ "TEI(K, .t )e™ ar (3.132]
2w
E'(K,.t)=E (X,.t) if 1t <T [3.133]
ET(K,,t)=0 if el >T [3.134]

The average is a statistical average of an ensemble of systems from a thermo-

dynamic point of view.

From equations 3.130A, 3.131 and 3.132

2 g P el bl -
P,(K,,w)-fli_r.r:n—;T%-K,K',f_mf_me fiop —wd ¢ ’ (3.135]
ORI BE.X
with
HEDETATE if lel <7 (3.136]
H(e)=0 if lel>T [3.137]
from

Tt ="



2t =mt'+t"”

. 1 -Enz N o« o —ilw, —wl}r
PR, .w)=lim | KK [ e (3.138)

TG =2 TG v/ 2)drae

Since the fluctuations are stationary

{dG —7/2){{Gt +7/2)=0 [3.139]

if |t —7/2|and |t +7/2|>T
and if |t —71/2|, |t +7/2]| <T ,and 7/t <« 1 when t —oq, it is equal to F(7),

where

) 1 ad
lim in-m"{(‘ —1/2)3]0 +7/ 2)dt = {0V L7 )= Fo(T) [3.140]

The power spectrum becomes

E(o‘z 1 oo -l W )T
Ps(K:-W)-—iTKIKI f_me (n ) Fq(f)df [3-141]

The spectrum of the scattered light then reflects the spectrum of the surface
waves displaced from @ {frequency of the incident beam) in the frequency

domain. From relation 3.101, the cross-section of the scattered light is

dl (w+w,.q) 16 . A . J(8,.0, O N)

dean— " |5 (F) X Pw) (3.142]

ihe first term refers to the properties of the incident beam and the refractive
indices of both phases; the second term represents the power spectrum of the

surface waves.
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3.4 BROADENING OF THE EXPERIMENTAL SPECTRUM BECAUSE OF
INSTRUMENTAL FACTORS

experimentally one can never select just one surface wave so that the
detected signal contains overlap of several spectra from wavevectors near the
desired one. The shift in the peak frequency of the various spectra overlapping
the detected signal causes an increase in width of the measured power spectrum
over that expected from a single wavevector. This excess broadening of the

power spectrum is attributed to several instrumental effects.

1) Because of convergence of the laser beam, the angle of reflection at the
interface is not A8, but a set of angles within the interval A0 * 8(A0).
The finite radius of the laser beam, thus, illuminates a finite number

of waves with different wavevectors q.

2) The width of the pinhole aperture at the photomultiplier limits the
sels of angles, AB =+ 8(A8 ), of the scattered light detected by the pho-
tomultiplier. It allows the detection of the scattered light falling

within the aperture and truncates those falling beyond the aperture.

3) The circuitry at the detector introduces noise with a characteristic

decay time.

The measured power spectrum is, thus, a superpositioning of several spec-
tras of wavevectors inside a finite range q, Ag. The portion of the instrument
effect due to the narrowing and truncation of the beam is independent of time.
Therefore, the experimental power spectrum, P(w), is a convolution of a
wavenumber dependent instrumental function and the theoretical power spec-
trum, Pq(m). of a single wave vector of the surface fluctuations (in the case of a

liquid/liquid interface i1 refers to equation 3.66).
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N
Plw) = Y F(ag/o)xPlw, g, +Ag) {3.143)
o

where

F(Ag/ o) = intensity distribution of the various spectra of different
waveveclors superimposed on the measured power spectrum.
P,(w, g, + Aq) = theoretical power spectrum of a single wavevector of the
surface fluctuation
N = spread of wavenumbers
o = width of the instrument function, F,1o be optimized
g. = magnitude of the experimentally determined wave-vector - equation

3.103.

The instrumental response function can be estimated by comparing the
power spectrum predicied by equation 3.143 with various trial functions F with
an experimentally obtained power specirum of a fluid whose properties are well
known. Such comparisons have been made with a spectrum obtained from the
carbon tetrachloride/air interface. In our determination of the instrument func-
tion a2 fixed spread of wavenumbers, N, was used and o was optimized for each
trial function F. Through fitting of several specira of different wavenumbers,
we found that the instrumental response was best represented by a Lorentzian

squared function which, when inserted in equation 3.143, gives

Plw) = f‘_ (1/ [(ag/ 0)?+1]) x P, (w, g, + Ag) [3.144]
by - =N

Figure 3.4 shows a calibration spectrum of carbon tetrachloride. The continuous
line was obtained by fitting the convoluted function to the dots (data points).
The spectrum was obtained at q = 196.42 cm™!, with the assumed spread of

wavenumbers N = 50. The best fit was obtained at ¢ = 15.62 . Although other
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investigators have found that a Gaussian instrumental function gives a good fit
to their spectra (6, 13, 28 ), in our analysis the Gaussian function gave a poor

fit.

3.5 EXPERIMENTAL
3.5.1 THEORY OF HETERODYNE PHOTON SPECTROSCOPY

The surface wave fluctuations were studijed using Heterodyne Optical Inten-
sity Fluctuation Spectroscopy. A review and detailed analysis of the technique
is given by Cummins and Swinney (25). The capillary waves of the liquid
interface act as an extremely weak oscillating diffraction grating. When
illuminated by a laser beam, they give rise to a weak, modulated light beam
scattered by a small angle from the reflected main beam. The intensity (10715)
of the diffracted beam is, however, 100 small to be analyzed directly. Therefore,
the scattered light is mixed coherently on the photocathode of the detector with
a stronger light beam which acts as the local oscillator. Incident Lasei { ight
reflected from the interface and diffracted by a diff raction grating, as first itaple-
mented by Hard (28), acts as a local oscillator. The scattered beams mixing
with the much stronger loca! osciilator beam from the diff raction grating on the
photocathode of the detector will cause a modulation of the amplitude, I{(1}, of
the detector current. The power spectrum of this modulation depicts the ampli-
tude modulation of the capillary waves and is recorded with a spectrum

analyzer.

Semiquantitatively, the electric field at the photocathode surface is made up
of two components. One is due 10 the diffraction grating and is expressed as E_
cosw 1, where ©_ is the incident light frequency and E_ is the time independent

amplitude. The second component is due to diffraction from the liquid interface



69

waves and is expressed as El(t) cosw t and Ez(t) sinw t, where the amplitude
E (1) and E,(1) are related to the instantaneous amplitude and phase of the sur-

face waves and are functions of time.

The photocurrent I{t} is proportional to the square of the total electric

amplitude integrated over the detector surface.

I, +1I(t) arj; [E,cosw, t E cosw,t + E,sinw,t PdS {3.145]

-1/ 2-[3[5"2 +2EE(t)+ EF () + EF()MS {3.146]

+ light frequency terms which are not detected.

The "local oscillator field" E_ has a greater intensity than E,(t) and E,(1) so

that the last terms in equation 3.146 can be neglected. The recorded signal is

the remaining time-dependent signal I(1) of the current, f E,FE (1t )dS. Half of
5

the Information Ez(t) is thus lost in the detection process.

The field E_, due to the grating, is concentrated within a diffraction spot
which is displaced at an angle (6 - 6 ) ~A/a from the main beam, where a is
the spacing of the grating. Thus only those liquid surface waves which form
diffraction spots overlapping the diffraction spot due to the grating contribute
significantly to the signal. This condition is only fulfilled by surface waves in

the X direction (figure 3.5) with wavelength 2n/k ~a/cosf .

Since El(t) is proportional to the corresponding instantaneous surface
amplitude, the current I(t) gives the time variation of the surface waves of
wavelength a/cosf. Thus with this simplified picture of the apparatus the
power spectrum of I(t) equals the power spectrum of the surface waves, apart

from a constani factor. A more thorough development of the diffraction grating
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Figurc 3.5 The principle of operation of a diflraction grating. One diffraction order
is sclected by an aperture and beats with scattered light coincident with it
on the detector. » Local oscillator light. O scattered light
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is given by Hérd (28).

There are several practical advantages 10 using a diffraction grating to select

a surface wave number.

1) It is easier to measure accurately the grating spacing than 1o measure

the small angle (6 - 6 ).

2) Large-scale shaking of the liquid surface due to external vibrations is

minimized and no longer becomes a major problem.

3) The well-controlled local oscillator {the diffracted light from the grat-

ing) makes the measurements easily reproducible.

3.5.2 INSTRUMENTAL SETTING OF THE EXPERIMENT

The arrangement of the experimental equipment for the laser light scatter-
ing experiments is shown schematically in figure 3.6. The laser beam was spa-
lially fltered and expanded with a focusing lens of 2.9 cm focal length before
being focused on the detector. In the experiment, the beam was directed 10 the
sample interface at an angle of 22°, measured from the horizontal in the air
medium, by means of mirrors. The beam was directed 10 the interface from the
phase of higher refractive index to obtain total reflection. The cell containing
the two phases was mounted on a movable platform which could be moved in

each of the three orthogonal directions.

In the experiment, light scatiered in the plane of incidence, ¢ = 0, was
selected for analysis of the power spectrum. The reflected beam was intercepted
by a diffraction grating located about 2 ¢cm from the point of reflection at the
interface. After the beam traveled 275 cm in length (measured from the point

of reflection atl the interface to the photomultiplier}), one of the diffraction
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orders was selected by an aperture in front of the photomultipiier detector. The
diff racted light beat with light scattered by capillary waves of a particular
wavevector falling on the same area (figure 3.5). The aperture for the pho-
tomultiplier was selected such that the size of the pinhole would be the same as
the diffraction spot due to the grating. The photodetector current was amplified
by a low-noise preamplifier which also rejected low frequency noise before the
signal reached the spectrum analyzer. From the spectrum analyzer the data was
transferred to a PDP 8 computer and then to the VAX 11/780 for analysis. The
analysis of the data was performed with a nonlinear Least-Squares fitting pro-
cedure (appendix E and F) with the theoretical equation 3.144 representing the

power spectrum.

3.5.3 EXPERIMENTAL DETERMINATION OF WAVEVECTOR q

The magnitude of wavevector ¢ was determined using equation 3.103. The
angle of reflection, 8 , was determined as follow: the angle @& (figure 3.7) of the
reflected beam was measured normal to the wall of the cell. This angle was re-
lated to @', the angle of incidence at the wall of the cell in the liquid phase, by

Snell's law:

n sing =n'sing’ [3.147]

where
n = refractive index of the air medium
¢= angle of refraction in the air medium, measured

normal to the cell wall.

n ‘= refractive index of the liquid phase.
¢'= angle of incidence in the liquid phase measured

normal to the cell wall.
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From the complementary angle of &' the angle of reflection was then calculated.

In determining the angle of scattering the relation 6 = @_+ df was used.
Starting from Snell’s law, equation 3.147, with n=] and ¢ = 90 - 8  (figure

3.7).

singp = n 'sing’' = nsin(90-6,) [3.148)

From the derivative of equation 3.148

cosp d ¢ = n ' cos (90—0,H~d8) [3.149]
Therefore,
—dg=1_5% ;4 (3.150)
n cos

dd¢ is equivalent to the distance from the reflected beam 10 the aperture on the
photomultiplier over the distance the beam traveled from the cellto the pho-

tomultiplier.

The wavevector of the reflected light beam was taken as k _/n’.

3.5.4 INSTRUMENTS

In our laser light scattering investigation of the temporal evolution of the
capillary waves the following instruments were used:

1) A 35 mW, 632.8 nM Helium-Neon laser (Spectra-Physics, model 124,

1250 W, Middlefield Road, Mountain View. CA. 94042).

2) A FFT computing Spectrum Analyze: from Nicolel Scientific Co., 446B

Mini-Ubiquitous (245 Livingston Street, Northvale, NJ., 07647 ).
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Figurc 3.7 Definition of the mcasured reflected and scattered angles at the cell to
obtain the experimentally determined g wave vector.
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3) A Calibrated High Voltage Source from Power Designs Inc., Model 2K 20,
1-202 VDC, 0-20 mA (1700 Shames Drive, Westbury, N.Y. 11590).

4) A EG & G Park model 113, Low-Noise Preamplifier {P.O. Box 2565,
Princeton, N.J. 08540).

5) A Hamamatsu PM-R550, photomultiplier and a PDP 8 computer.

6) A focusing lens of 2.9 c¢m focal length.

7) A set of diffraction gratings made by photographing a computer gen-

erated set of parallel lines.
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CHAPTER 4

SYSTEMS STUDIED IN MEASURING
LOW AND ULTRALOW INTERFACIAL TENSION

4.1 INTRODUCTION

In the investigation of the laser light scattering technique as a method for
measuring low, and ultralow interfacial tension, three systems were selected

and studied.
1)  Toluene / water / l-propanol

2) 46.35% toluene / 1.95% sodium dodecyl sulfate / 3.75% 1-butanol /
47.95% Saline NaCtl

3) Carbon tetrachloride

In systems of toluene/water/1-propanol change in the concentration of
I-propanol provided a range of interfacial tensions of 35 mN/M (toluene/water
interface) to 0.3 mN/M. In the quaternary systems change in the concentration
of NaCl in saline furnished a range of interfacial tensions of 10°! mN/M (4%
NaCl) to 10°3 mN/M (7% NaCl). The density, viscosity, and refractive index of
each of the phases of the systems studied were measured at various tempera-
tures, and their values were fitted to linear equations as a function of tempera-
ture with a Linear Least Squares program. The density was measured with a 10
m] picnometer and the viscosity was determined with an Ostwald viscometer.
A thermostated refractometer, Fisher Scientiic Co., was used to measure the

refractive index.

77
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4.2 CHEMICALS

Toluene, propanol, butanol and NaCl were all reagent grade and distributed
by Fisher Scientific Co., Pittsburg, P.A. 15219. Sodium dodecyl sulfate was also
reagent grade and produced by J.T. Baker Chemical Co., Phillipsburg, P.A.
08865. Carbon tetrachloride was also reagent grade and produced by Amend
Drug and Chemical Co., Irvington, N.J. 07111. Freshly distilled water was

used in all preparations.

4.3 TOLUENE / WATER / 1-PROPANOL SYSTEM

I-Propanol acts as a solubilizing agent for toluene and water. Upon addi-
tion of sufficient l-propanol to a toluene/water system, 1-propanol is partially
hydrated/solvated by water and toluene molecules and the interface eventually
disappears. This is seen in the ternary phase diagram of
water/toluene/ I -propanol system at 21.5 °C, shown in figure 4.1. Mixtures of
equal volumes of water and toluene in different amounts of 1-propanol were
selected for the study. Because of the change in density due to variations in
temperature, the solutions were prepared by weight. The density of toluene,
water and 1-propanol were selected from the CRC Handbook of Chemistry and
Physics 38th edition and are given as follows:

Toluene = 0.86694 gm/mL

1-Propanol = 0.8044 gm/mL

water = 0.9982 gm/ml.
In this investigation, solutions containing 5 ml of toluene, 5§ ml of water and
various volumes of 1-propano] were made. The desired volumes were converted

into weights using the selected density values. The proper amount were then



1 - PROPANOL

WATER : TOLUENE

Figure 4.1 Ternary phasce diagram of toluene, water, I-propanol system at tempera- Ne
ture 21.5 °C.
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weighed out and mixed. Following each addition of alcohol, the solutions were
thoroughly shaken and left overnight in an air conditioned room. The lower
phase volume of the cosolubilized systems was plotted against the amount {(mL)
of 1-propanol added. This is shown in figure 4.2. It is seen from the figure that
the toluene/water interface dissappears and the system becomes solubilized after

the addition of 15.6 ml of 1-propanol.

In addition, the density, viscosity and refractive index of each of the phases
were measured at 5 ml of toluene and 5 ml of water with the concentration of
I-propanol at 0, 3, 5, 6, 7, 8, 10, 12, 14 mL. The measurements were per-
formed at various temperature ranging from 15 to 30 °C. The interfacial tension
of these solutions over the same temperature range were also measured. Table
4.1 shows the linearlized equations representing the behavior of each physical
property as a function of temperature. The temperatures measured were in
degrees Celsius, the densities were in gm/ml, the viscosities were determined in
centipoise and the interfacial tensions in mN/M. Figure 4.3 illustrates the
change in interfacial tension at 21°C, as l-propanol {ml.) was added. The left
ordinate curve shows the values of interfacial tension measured in the region
from O to 10 mL. The interfacial tension { left hand side ordinate mN/M)
measurements were made using a sandblasted Teflon blade. The right ordinate
curve shows the measurements obtained in the region from 8 to 18 ml of added
I-propanol. The interfacial tension in this curve ( right hand side ordinate in
103 mN/M) was measured with the spinning drop method. The apparent
change in slope of the curves in these figures is due to a change in scale of ordi-
nate axis. Extrapolation of the right hand curve to y = (0 yields a 1-propanol
volume of 17.6 mL. Note that this volume is different from the amount neces-

sary 1o solubilize the system to a monophasic state ( figure 4.2).
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TABLE 4.1: Linear fit of the bulk thermodynamic properties as a
function of temperature of 5 mL water, 5 mL toluene, at
different volumes of 1-propanol.
degrees Celsius; viscosity, Centipoise; density, gm/mi.; and

interfacial tension, mN/M.

Temperature unit,

.
| TABLE 4.1
M
I| y=mT +b
L[:
: phase | m b
'ri
5 water, § toluene, 3 1-propanol system
I~ ; R
. upper | -5.484 X 107 | 1.4734 |
refractive index | wer  -1.564 x 107 | 1.3511 i
_ upper | -6.571 x 107 | 0.8661 |
% density lower  -3.549 x 10 - 0.9831
, upper  -1.157 x 1072 1.0414
| Visoosily lower | -5.000 X 1072 | 3.0166 |
interfacial tension ~1.986 x 1072 | 2.9805 ;
i 5 water, 5 toluene, 5 1-propanol system \
) 4 | :
| ‘ upper | -4.797 x 10™ | 1.4521 |
| refractiveindex yower 2002 10 | 13530,
| , upper | -9.620 x 107 | 0.8717 |
+ density lower | -4.395 x 10°¢ | 0.9839
visoosit upper i -1.831 x 1072 | 1.4490
y lower | -5.372 x 1072 i 3.1438
| interfacial tension | -1.718 x 102 | 2.0788 |
l
j

|
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TABLE 4.) (continued)

M

y=mT +b
phase m | b
‘L 5 water, 5 toluene, 6 1-propanol system
[ I 4 |
| _ upper | -4.896 x 107 | 1.4448
. refractiveindex L 'I -2.410 x 107 J 1.3552
upper | -3.276 x 104 | 0.8722
d 1
ensity lower | -5.151 10-4 | 0.9883
, upper { -2.786 x 1072 | 1.8550 |
viscosity lower | -7.018 x 10°2 | 3.5801
interfacial tension ' -5.514 x 1073 I 1.3906 |

|
|
|
|
k
E
|

5 water, 5 toluene, 7

1-propanol system

|
|
|
|

L —

|

u r
refractive index ppe
lower
density upper
lower

u
viscosily pper
lower

interfacial tension

| 4333 x10% | 1.4328
| -2.396 x 107 | 1.3571
‘ -7.912 x 107 | 0.8705 .
' -4.425 x 104 | 0.9867
\ -3.313 x 102 | 2.0663

-8.633 x 1072 3.9549

1
|

| -1.158 x 1072 | 1.5640

5 water, 5 1oluene. 8

l-propanol system

refractive index upper
lower

density pper
lower

viscosity upper
lower

interfacial tension

T

| -4.476 x 10°* | 1.4281
-2.308 x 107 | 1.3567

|
| -1.023 x 1073 | 0.8691
| -7.828 x 1074 | 0.9911

-3.244 x 10°? | 2.1214
-6.574 %< 1072 | 3.4725

-1.320 x 107% | 1.4047
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TABLE 4.1 (continued) I

y=mT +b
phase | m ‘ b
5 water, 5 toluene, 10 1-propanol system
, upper -4.903 x 1074 | 1.4182
refractive index | ver | -2.235 x 10 | 1.3567
_ upper -6.411 x 10" | 0.8633 |
density lower | -4.555 x 10 | 0.9723
viscosit upper | -3.801 x 1072 | 2.4832 !
{ y lower | -6.429 x 102 | 3.4592 |
{ interfacial tension | -1.520 x 10°2 | 1.1867
|
5 water, 5 toluene, 12 1-propanol system
| refractive index | “PPET |' -4.711 x 107 ! 14133 |
n lower | -2.573 x 10" | 1.3580 |
i -4 !
. upper | -7.458 x 10 0.8689 :
, density lower | -3.981 x 10 09717 |
{ viscosit upper  -4.259 x 1072 | 2.7391 |
. Hy lower i -6.914 x 102 | 3.6431
interfacial tension | -1.105 x 1072 | 0.7511 :
5 water, 5 toluene, 14 1-propanol system '
. I
| -4 1
] upper | -4.524 x 10 1.4118
f
refractive index ) wer | -2637 x 10 | 13597
, upper | -7.721 x 10 | 0.8680
density lower | -5.589 x 107 | 0.9712
upper | -4.984 x 102 | 3.0988
Viscosity lower | -6.539 x 102 | 3.5548
interfactal tension -7.839 x 1073 | 0.5665
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Figure 43 Change in interfacial tension as a function of volume of 1-propanol added to 5
' ml water, 5 ml toluenc. Left side ordinate shows the region from 0 to 10 mL
of added 1—propanol. Right side ordinate shows the region from 8 to 18 mL.
The apparent change in slope of the curve in these figures is due to a change in

scale of the ordinate axis. Temperature 21.5°C.



4.4 46.35% TOLUENE / 1.95% SODIUM DODECYL SULFATE /
3.75% 1-BUTANOL / 47.95% NACL (AQUEOUS) SYSTEM

Mixtures of water, oil, alcohol, and surfactant can give rise to stable, tran-
sparent or translucent solutions. Figure 4.4 relates 10 this type of complicated
emulsion system. 1.95% Na dodecyl sulfate, 3.75% 1-butanol, 46.35% toluene
were mixed with a 47.95% saline solution at different concentration of NaCl.
The concentration of Na(Cl was calculated as grams of NaCl in 100 grams of
solution. Each NaCl system was thoroughly shaken in a graduated cylinder and
left in an air conditioned room at 21.5 °C for several days until the volumes of
each phase remained constant, indicating a state of equilibrium. The total
volume of each solution and the total volume in each phase was measured. It
can be seen that between 4.0% and 5.5% sodium chloride, a two phase system
was formed with the upper layer clear and the lower layer milky indicating an
oil in water dispersion. Above 5.5% and below 7.5% NaCl three phases were
observed, an upper clear phase, a milky middle phase and a lower clear phase.
Above 7.5% sodium chloride a two phase region again occurred. This time, the
upper was milky and the lower phase was clear, indicating a complete inversion
of water and oil. Plotted on the same curve are the measurements of the inter-
facial tension at the upper phase and lower phase interfaces. As the concentra-
tion of sodium chloride increases, the interfacial tension of the upper phase
decreases, while that of the lower phase increases. J1 can be seen from the
graph, there is at least a two order of magnitude change, from 107! to 1073
mN/M, in the value of interfacial tension as the concentration of NaCl tis

increased. This system was previously studied by Pouchelon er al (34).

The density, viscosity, refractive index in each phase were measured, in

solutions containing different concentrations of NaCl, at various temperature in
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Figure 4.4 Change in interfacial tension (O) and phase volume (B) as a oo
function of weight percent of NaCl for the dispersion of ™

toluene / 1-butanot / Na dodecylsulfate / aqueous NaCl. Tem-
perature 21.5 °C.
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the range of 15 to 30 *C. The interfacial tension of mixtures of components
similar 10 the previous solutions was measured with the spinning drop method.
In the case of a three phase system, the interfacial tension between the upper
phase and the lower phase was also measured. The calculated values were then
fitted to a straight line equation, and it is shown in table 4.2. The temperatures
were measured in degrees Celsius, the densities were in gm/ml, the viscosities
were delermined in centipoise and the interfacial tensions were determined in

mN/M.
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TABLE 4.2: Linear fit as a function of temperature of the bulk thermodynamic
properties of 46.35% toluene/1.95% SDS/3.75% 1-butancl/47.95%
saline NaCL systems at different concentrations of NaCl in saline.
Temperature units, degrees Celsius; viscosity, centipoist; density,
gm/mL; and interfacial tension, mN/M.

TABLE 4.2
y=mT + b
phase m b
4.0% NaCl brine solution
o upper -5.429 x 104 | 1.5030
refractive index lower 21572 x 104 | 1.3663
. upper -1.009 x 10°% | 0.8831
density lower -5.375 x 10! | 1.0168
viscosit upper -7.533 x 10 | 0.7469
iscostty lower -1.631 x 102 | 2.4999
interfacial tension upper/lower | -1.727 x 1073 | 0.1242
4.5% NaCl brine solution
o upper -5.409 x 104 | 1.5030
refractive index lower 2207 x 101 | 1.3712
: upper -6.779 x 104 | 0.8715
density lower -6.783 x 104 | 1.0170
viscosit upper -6.638 x 103 | 0.7276
y lower 9.352 x 10°3 | 2.5307
interfacial tension upper/lower | -1.247 x 103 | 0.0806
3.0% NaCl brine solution
o upper -7.931 x 10 | 1.5083
refractive index lower | -2.467 x 10 | 1.3761
. upper -1.307 x 10¢ | 0.8927
density lower 8632 x 104 | 1.0267
viscosit upper -7.935 x 103 | 0.7657
y lower 7.428 x 103 | 3.3606
interfacial tension upper/lower | -1.247 x 103 | 0.0614




TABLE 4.2 (continued )

m
y=mT +b
phase m b
5.5% NaCl brine solution
upper -5.571 x 104 | 1.5029
refraclive index middle -3.500 x 104 | 1.4057
lower -1.953 x 104 | 1.3501
upper -9.150 X 10°* | 0.8794
density middle -4.359 x 104 | 1.0021
lower -3.228 x 10°* | 1.0386
upper -7.317 x 10} | 0.7440
viscosity middle -4.491 x 102 | 3.3653
lower -2.464 X 102 | 1.7249
upper/lower | -2.431 x 10'? | 0.073$
interfacial tension middle/lower 4604 x 104 | 0.0103
upper/middle | -4.409 x 10 | 0.0246
6.0% NaCl brine solution

upper -5.569 x 104 | 1.5032
refractive index middle -2.564 x 104 | 1.4119
lower -1.572 x 1074 | 1.3498
upper -9.053 x 10°* | 0.8777
density middle -9.028 x 1074 | 0.9842
lower -4.310 x 104 | 1.0482
upper -7.422 x 103 | 0.7486
viscosity middle -2.410 x 102 | 3.7488
lower -2.646 x 102 | 1.7317
upper/tower | -3.391 x 107 | 0.1038
interfacial tension middle/lower | 8.383 x 104 | 0.0204
upper/middle | -1.251 x 10* | 0.0109
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TABLE 4.2 (continued )

— — . — e _ _—  —— ————
y=mT+b
phase m b
6.5% NaCl brine soclution
upper -5.524 x 104 | 1.5029
refractive index middle -2.987 X 104 | 1.4308
lower -1.682 x 104 | 1.3508
upper -8.506 x 104 | 0.8781
density middle -7619 %104 | 09643
lower -4.431 x104 | 1.05M
upper -6.973 x 10 | 0.7300
viscosity middle 6612 x102 | 4.7458
lower -2.532 x102 | 1.7017
upper/lower | -1.301 x 10°% | 0.0410
interfacial tension middle/lower 9.908 x 104 0.0187
upper/middle | -7.845 x 10® | 0.0059
7.0% NaCl brine solution
upper -5.199 x 10 | 1.5019
refractive index middle -3.888 x 10°* | 1.4482
lower -1.382 x 10°* | 1.3507
upper -8.521 x 10* | 0.8804
density middle -7.972 x 104 | 0.9484
lower -4.939 x104 | 10575
upper -7.037 x 10} | 0.7446
viscosity middle 6.685 X102 | 50218
lower -2.601 x 102 | 1.7409
upper/lower | 2.611 x 10? | -0.0553
interfacial rension middle/lower 1.729 x 103 0.0329
upper/middie | -4.689 x 10¢ | 0.0019
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TABLE 4.2 {continued)

e

y=mT+b
phase m b
7.5% NaCl brine solution
o upper -9.626 x 10°* | 1.4867
refractive index lower -1.414 x 1074 1.3515
: upper -7.449 x 10 | 09125
density lower 3207 x 10 | 1.0457
viscosit upper 6911 103 | 2.4055
Y lower 22596 x 102 | 1.7402
interfacial tension upper/lower | 2.494 x 103 | -0.0462
8.0% NaCl brine solution
__ upper 4645 x 1074 | 1.4789
refractive index lower 11257 x 104 | 1.3520
. upper -8.126 x 10* | 0.9110
density lower | -3.762 x 10 | 1.0592
viscosit upper -9270 x 103 | 2.0350
Y lower 2,551 x10°2 | 1.7310
interfacial 1ension upper/lower | 4.024 x 10 [ 0.0683
9.0% NaCl brine solution
_ upper -4.537 x 10°* | 1.4835
refractive index lower 1.300 x 104 | 1.3536
: upper -9.673 x 10°* | 0.9097
density lower 4232 X 10°% | 1.0685
L upper -1.288 x 102 | 1.5075
viscosity lower 2372 x10% | 1.7054
interfacial tension upper/lower | 5.019 x 103 0.0652
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4.5 CARBON TETRACHLORIDE

The density, viscosity and refractive index were measured as a function of
temperature in the range of 15 to 30 °C. The surface tension of carbon tetra-
chloride versus air was also determined at various temperatures within the same
range. The measurements were done with a sandblasted platinum blade. The
fitted values obtained as a function of temperature are shown in table 4.3. The
temperatures were in degrees celsius, the densities in gm/ml, the visoosities in

centipoise and the interfacial tension in mN/M.,
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TABLE 4.3 Linear it of the bulk thermodynamic properties of CCl,
versus air system as a function of temperature. Tempera-
ture unit, degrees Celsius; viscosity, centipoise; density,
gm/mL; and interfacial tension, mN/M.

TABLE 4.3

y=ml +b

T
| m b

refractive index ' -6.1072 x 107 | 1.4732

density | -1.9127 x 1073 | 1.6317
| viscosity C-L1262 x 1072 | 1.1932
interfacial tension ‘ ~1.1384 x 102 j 29.179
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CHAPTER 5

RESULTS OF THE MEASUREMENTS
OF INTERFACIAL TENSION

5.1 INTRODUCTION

The interfacial tension of various systems of
1) Toluene/Water/1-Propanol
2) 46.35% toluene/1.95% SDS/3.75% 1-butanol/47.95% saline NaCl

were measured with several methods.

Solutions composed of 5 ml of water, 5 ml of toluene, and different
volumes (3, 5, 7, 10, 12, 14 mL) of 1-propanol were measured with the laser
light scattering, spinning drop and pendant drop methods. These solutions were
made in the manner described in chapter 4. The measurements were taken
within the range of 22.5 * 1.5°C, by keeping the ambient temperature of the

experimental room constant with an air conditioner.

The interfacial tension of solutions made of 46.35% toluene/1.95%
SDS/3.75% 1-butanol/47.95% of different weight per cent (4, 5, 6, 7) of Nacl
(aqueous) were also measured with the laser light scattering and the spinning

drop methods.

Because of poor precision at low values of interfacial tension, the blade

method was not used in these measurements.

95
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52 RESULTS OBTAINED FROM THE LASER LIGHT SCATTERING
METHOD '

5.2.1 TOLUENE / WATER / 1-PROPANOL SYSTEM

In the spectral analysis of the scattered light, the instrumental broadening
was first determined with several spectra of CCl 4 Vs air. A series of spectra were
obtained for each diffraction order under similar optical conditions to the spec-
trum obtained from the liquid/liquid system. The density, viscosity, interfacial
tension and refractive index (needed to calculate the experimentally determined
q value) of carbon tetrachloride were measured at 22.5 °C. Using equation
3.144, the density, viscosity, interfacial tension, refractive index and the magni-
tude of the measured wavevector q, of the spectrum of carbon tetrachloride
were inserted into the equation. Using an assumed value for N, which was kept
constant for each diffraction order, 0 was then optimized. The result of this cal-
culation is given in table 5.1. About 6 spectra per wave-vector were analyzed
and averaged. Each wave-vector represents a different diffraction order of the
grating at the photomultiplier. It can be seen that, at higher diffraction order
the value of o increases. These values of 0 and N were subsequently applied to
the spectral analysis of the liquid/liquid systems for which the parameters y
and n (or n') were then optimized by the same equation. The density, viscosity,
and refractive index of each phase were measured at 22.5 °C. Using equation
3.144 again, the density and viscosity of the upper phase, the density of the
lower phase, the interfacial tension, refractive index of the upper phase and the
magnitude of the measured wavevector q, of the spectrum were inserted into
the equation. o and N were given the values in table 5.1 according to the scat-
tered angle of the recorded spectrum. Figures 5.1 and 5.2 show typical spectra

obtained at two different q values. Figure 5.1 shows a nearly symmetric spec-
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TABLE §.1: Measurement of the instrumental width, o, from the
spectras of CCl, vs air at 23 °C,

TABLE 5.1

%_-—_mg

Wave-vector (cm™})  Order

o N
199.317 2 16.61 £1.26 50
294.793 3 26.67 £1.53 70

398.633 4 49.25 +2.25 95
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Experimental spectrum {points) of light scattered by tolucne/water inter-
face at 23°C for g = 193.39 cm’'. The solid line represents the best fit
obtained with equation 3.141 with N = 50, ¢ = 16.61. The values obtained
were ¥, = 1.72 dynes/cm and n = 1.86 cp. The sample was 5 ml water, 5

ml toluenc, 5 mi [-propanol.
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Figure 5.2 Experimental spectrum (points) of light scattcred by a toluene/water interface
at 22°C for q = 207.18 cm'!. The solid line represents the best fit oblained with
equation 3.144 with N=50 and 0=16.61. The values obtained were y, = 0.699
dynes/cm and n = 2.09 cp. The sample was 5 ml water, 5 ml toluene, 12 ml

I-propanoi.
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trum of the light scattered at the liquid/liguid interface of a solution of 5 ml of
water, 5 ml toluene, § ml 1—Propanol. Figure 5.2 is a strongly asymmetric
spectrum of the scattered light at the interface of a solution of 5 ml water,
5 ml toluene, 12 m] 1—propanol. Both specira were analyzed using the values of
N = 50 and o = 16.61. The agreement between the experimentally measured
spectrum and the computer fitted one using equation 3.144 is seen to be good
over the whole spectral range. The values of interfacial tension found for the
various water/toluene/propanol systems are shown in table 5.2. The interfacial
tension value al each wave-vector q represents the average of the analysis of 3
spectra. The average interfacial tension was oblained by averaging all the values
obtained with different wavevectors q in that particular system. Table 5.3
shows the calculated viscosities obtained from the spectral analysis of the set of
water/toluene/1-propanol systems. The third column in the table shows the
calculated viscosities obtained after correcting for the instrumental broadening.
The next column shows the values obtained by fitting equation 3.66 to the
experimental spectrum. The bulk shear viscosities of the lower phase were

measured with an Ostwald viscometer.

5.2.2 46.39% TOLUENE / 1.95% SDS / 3.75% 1-BUTANOL /
47.95% SALINE NACL SYSTEM

Figures 5.3 and 5.4 show typical spectra obtained from 1.95% SDS, 3.75%
butanol, 46.39% toluene, 47.95% saline NaCl. Figure 5.3 shows a spectrum of
light scattered at the liquid/liquid interface of a solution containing 47.95%
saline with 4.0% NaCl. Figure 5.4 shows a spectrum of light scattered at the
liquid/liquid interface defined by the middle phase and lower phase of a solu-
tion containing 47.95% saline with 7.0% NaCl. In the analysis of these spectra

the density, viscosity and refractive index of each of the phases were obtained
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TABLE 5.2: Measurements of interfacial tension by laser light scattering,
spinning drop, pendant drop methods of 5 ml water, 5 ml toluene,
x ml 1-propanol

TABLE 5.2
Jaser light spinning pendant
1-propancl Q scatiering drop drop temperature
x ml (em 1) (dynes/cm) {(dynes/cm) (dynes/cm) *C
3 ml 196.36 2.52 £0.04
203.50 2.62 +0.05
396.54 2.63 +0.02
average 2.59 £ 0.07 2.65 x0.02 2.54 2 0.09 24
5 mi 193.39 1.72 +0.01
291.59 1.79 21 0.02
average 1.76 2 0.04 1.74 2 0.01 1.71 = 0.06 23
7 ml 206.89 1.13 + 0.04
311.88 1.22 £ 0.01
417.90 1.33 + 0.01
average 1.23 +0.09 1.20 = 0.02 1.11 £0.02 23
10 mi 207.71 0.758 = 013
313.11 0.757 = .024
419.44 0.754 2 .030
average 0.756 = .020 .759 = 007 .748 = .006 22
12 mi 207.18 0.718 = .022
312.35 0.733 2 .028
average 0.726 = .025 735 = .010 .702 + .00S 22
14 m] 203.50 | 0.357 £ 0.026 332 = .004 .349 x.003 22
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TABLE 5.3: Measurements of the viscosity by laser light scattering, and by
Ostwald viscometer of 5 ml water, 5 ml toluene, x ml 1-propanocl

TABLE 5.3
r Light Bulk Shear
1-propanol Q scattering viscosity® | Temperature

x ml (em1) (cp) (cp) *C
3 ml 196.36 1.67 £ .04

203.50 1.68 + .05

396.54 167 x 08

average 1.68 + 05 1.69 +.01 24
5 ml 193.39 1.89 = .07

291.59 1.97 £ 06

average | 193 +.07 188 x.01 23
7 ml 206.89 190 =.01

311.88 211 2 .03

417.90 2.11 = .13

average | 2.04 x.12 1.91 =.01 23
10 m] 207.71 208 .05

313.11 222 x 06

419.44 2.15 = .15

average | 2.14 =10 2.05 = .01 22
12 mi 207.18 2.15 .06

312.35 2.14 = .19

average | 2.14 .13  2.06 % .01 22
14 ml 203.50 208 .19 2.14 + .01 22

*® Bulk sheas viscosity measurements of the lower phase
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Figure 5.3 Experimental spectrum {points) of light scattered by a toluenc/water
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by interpolating from the linearized equation shown in table 4.2, at the respec-
tive temperature of the experiment. Because of the low interfaclal tension and
high viscosity of these systems, the surface waves are damped without pro-
pagating. Thus, the power spectrum approximates a Lorentzian curve centered
at zero frequency. The experimental power spectrum comprises of many spectra
due to single wavevectors within a range of q - &4/2 to q + Aq/2. But in this
case, the spectra comprising the experimental power spectrum are all centered at
zero frequency. Consequently, the instrumental broadening is not expected to
contribute significantly to the power spectrum of these highly damped waves
and only one parameter (the ratio of the interfaclal tension to the viscosity,
y./ M) can be obtained from the spectrum. (35) Thus, the spectra of these sys-
lems were analyzed by optimizing the interfacial tension, y;, without subtraci-
ing for the instrumental broadening contribution. This wa:c done by setting
N=0 and o=1 in equation 3.144. The values of interfacial tension measured at
different concentration of NaCl in saline solution are shown in table 5.4. The
interfacial tension value represents the average of the analysis of 5 spectra at

three different q values.

5.3 RESULTS OBTAINED FROM THE SPINNING DROP METHOD

5.3.1 TOLUENE / WATER / 1-PROPANOL SYSTEM

The interfacial tension measurements performed with the spinning drop
method were done on the same solutions that were prepared for the laser light
scattering method. The procedure followed is described.in chapter 2. Equation
2.8 was used 1o calculate the interfacial tension. The measurements were per-
formed at the same temperature as the laser light scattering experiments. The

measured radius of the drop was always larger than the true radius of the drop
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TABLE 5.4: Measurements of interfacial tension by laser light scattering and
spinning drop methods of 1.95% SDS, 3.75% butancl, 46.35%
toluene, 47.95% saline NaCl at different concentration of NaCl in

saline
TABLE 5.4
Phases % NaCl Laser Light Spinning Drop Temperature

Scatiering *C
upper/lower 1.0 8.09 x 107 2278 10% | 8,16 x 102 28.58 x 104 24
upper/lower 5.0 298 %102 1.5Ix 10 | 315 x10? 2573 x 10" 24
upper/lower 6.0 1.51 x 102 22.72x 10 % | 1.65 x 102 £1.41 x 10 24
upper/middle 6.0 7.55 x 10 % 24,18% 10" | 7.50 x 10 £1.04 x 104 24
middle/lower 6.0 323x10% 23.80x 10 | 2.88 x 10 % £1.04 x 10* 27
upper/iowes 7.0 7.65 %10 £393x 10 [ 7.40 x 10® 24,78 x 10°* 24
upper/middle 1.0 1.9 x 10 21.24x 10* | 198 x 10 2424 x 10 24
middle/lower 7.0 1.10 x 10 26.26x 10°* | 9.89 x 109 £1.47 x 104 24
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due to refraction. Because of the design of the spinning drop apparatus, the true
radius of the drop was calcujated from the ratio of the measured radius of the
drop 1o the refractive index of the lower phase. Table 5.2 shows the calculated

values for the various solutions of water/toluene/1-propanol.

5.3.2 46.39% TOLUENE / 1.95% SDS / 3.75% 1-BUTANOL /
47.95% SALINE NACL SYSTEM

The interfacial tensions were determined for samples with similar concen-
tration of NaCl in saline as those prepared for the laser light scattering method.
The measurements were performed at the same temperature as those of the laser
light scattering method. The procedure followed here in measuring the interfa-
cial tension was similar to that described above. The densities and refractive
index of the denser phase taken were from table 4.2, interpolated 1o the tem-
perature of the experiment. Table 5.4 shows the calculated values at the

different concentrations of Na(Cl.

5.4 RESULTS OBTAINED FROM THE PENDANT DROP METHOD

5.4.1 TOLUENE / WATER / 1-PROPANOL SYSTEM

The interfacial tension measurements were performed in the same room
used for the laser light scattering method. Thus allowing for the measurements
1o be taken at the same temperature range. The solutions used were those used
for the laser light scattering method. The procedure followed in determining
the interfacial tension was described in chapter 2. Equation 2.16 was used to
calculate the interfacial tension. Table 5.2 shows the calculated values for the
interfacial tension for the various solutions of water and toluene containing

different amounts of l-propanol.



CHAPTER 6

DISCUSSION OF THE RESULTS

6.1 TOLUENE / WATER / 1—PROPANOL SYSTEM

The results listed in table 5.2 indicate that the laser light scattering optical
heterodyne technique is as accurate as the other methods shown in determining
low interfacial tension. This supports the conclusion of L¥fgren et al (13}, who
found an agreement between the interfacial tension of various liguid/liquid
interfaces with high interfacial lension measured by the light scatiering tech-
nique and by other more conventional methods. The demonsiration of the vali-
dity of the method was extended to low values of interfacial tension. It was
also observed that the light scattering method has a higher standard deviation
than the other methods. This could be caused by residual vibrations which

could not be eliminated in the experimental setup.

When the surface is not strongly damped, the experimental spectrum is
broadened by important instrumental factors. In the spectral analysis, this
broadening was corrected through substraction of the contributions due to
instrumental effects. Tables 5.1 and 5.3 show that the lorentzian-squared func-
tion can be used to represent the insirumental broadening. From table 5.1 a
relatively small deviation is seen at each wave-vector of the optimized parame-
ter o, and from table 5.3, it can be seen that the calculated viscosity from the
spectrum of the laser light scattering technique agrees well with the lower phase
bulk viscosity within experimental error. Other authors have reported similar
agreement between the viscosity measured by the laser light scattering technique

and thal of the bulk (6, 13,26, 28, 36).
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It has been noted and commented on in chapter 4 that extrapolating the
low measured values of interfacial tensions to y,~0 yields a 1—propanol volume
of 17.6 ml] (figure 4.5). This volume of 1—propanol is larger than the volume
(15.6 mL) necessary to solubilize the system (fgure 4.2). Thus, a smaller
volume than what is needed to obtain zero interfacial tension of cosolubilizing
agent (1—propanol) is required to produce a 1—phase system. From figure 4.2,
it can be seen that to decrease the volume of the bottom agueous phase an
amount greater than 3 mL of 1—propancl was needed with 5 mL of water and 5
mL of toluene. From figure 4.3, it can be seen that alcohol lowers the interfacial
tension significantly well before significant reduction of the volume of the lower
phase is observed (the pure water/toluene interfacial tension is 35 mN/m),
Thus, even if the interfacial tension and the work required for the formation of
a one phase system are small, the system still lacks stability. Moreover, a resi-
dual positive interfacial tension, y,, of 0.2 mN/M seems to be needed for phase
separation to occur. These observations are in agreement with previous reports
(37-40) in which the work of emulsion formation and of stability are two
independent factors. In particular, although the formation of dispersions is
enhanced by low vy, its stability is related to the interfacial film formed
(whether steric or charged) and, in facl, needs a higher y,. In the case of
toluene, water, and 1—propanol, the ilm formed is weak and incapable of main-
taining a dispersed phase. For this reason, 1—propanol has always been known

as a good cosolubilizing agen1, but not as an emulsifying agent.

Some authors have suggested the analysis of liquid/liquid interfacial spec-
tra using a dispersion relation similar to that of equation 3.61 (41,42). In this
case p is taken as the sum of the densities and 1 as the sum of the viscosities of

both phases. We have analyzed some of the liquid/liquid spectra with equation
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3.61 representing the dispersion relation. The analysis was undertaken without
the utilization of the instrument function. Table 6.1 shows the result of the
analysis. The values of the interfacial tension found were close to those
obtained with the other methods but were always lower in value. The sum of
the upper and lower phase viscosities for the 5 ml water, 5 ml toluene, 10 ml
1—Propanocl was calculated to be 3.71 cp. The value obtained in this case was

lower than the calculated one.

6.2 46.39% TOLUENE / 1.95% SDS / 3.75% 1—BUTANOL /
47.95% NACL (AQUEQOUS) SYSTEM

Because the surface waves in this system are strongly damped, only one
parameter, y,, can be determined from the analysis. The results of the analysis
are shown in table 5.4. They indicate that the laser light scattering method can
be applied to measure interfacial tension around 10~ mN/M. This agrees with
Pouchelon, er. al (34). They also measured similar solutions of quaternary sys-
tems with the laser light scattering method. In their papers, they published
values of interfacial tension which agree well with those obtained in the experi-

ments.

It is observed that the spinning drop has a greater precision than the laser
light scattering method. The range of frequencies where the power spectra has
significant value is very low ( from O to 500 Hz). The contributions of the
vibrations to the power spectrum in this frequency range are very strong.
Therefore, in the analysis of the power spectrum, the calculated value of inter-
facial tension is expected to have greater scatter than that obtained from the

spinning drop method.
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TABLE 6.1: Light scattering measurements of 5 ml water, 5 ml
toluene, 10 ml 1—Propanol with equation 3.58 as the
dispersion equation.

TABLE 6.1

interfacial sum of the
QI tension viscosity
(cm™) (mN/M) (cp)

207.71 0.646 £.011 2.983 £.059
313.11 0.657 £.019 3.040 £.047
419.44 0.672 £.027 3.102 £.039




CHAPTER 7

CONCLUSIONS

The interfacial tension of the toluene / water / 1-propanol system and
46.35% toluene/1.95% SDS/3.75% 1-butanol/47.95% NaCl (aqueous) has been
studied and measured with the spinning drop, pendant drop, and laser light
scattering methods. The laser light scattering method is a novel technique
which allows the measurement of interfacial tension and interfacial viscosity
without perturbing the interface. Until recently, very little work has been pub-
lished on the validity of this method in measuring interfacial tension of
liquid/liquid interfaces. The purpose of this research was to evaluate the
method on liquid/liquid interfaces with low and ultralow interfacial tension
values, and to correlate the results with conventional methods of measuring

interfacial tension.

From the results of this research, it is concluded that the laser light scatter-
ing method measures interfacial tension with a precision comparable 10 the spin-
ning drop and pendant drop methods. A major source of scatter of the values of
interfacial tension caiculated from the experimental spectrum is due 1o vibra-
tions. These vibrations causes an imperfect definition of the experimentally
determined wave vector q. thus increasing the error in the calculation. A
diff raction grating helps define the wave vector q within one of the diffracted

spots, thus minimizing the error caused by vibrations.

The lower limit of interfacial tension which this technique can measure is,
theoretically, in the range of 105 mN/M. This is the region where gravitational

forces instead of capillary forces are the dominant force in the surface waves



113

dynamics. It is seen, from measurements obtained for the quaternary system,
that the laser light scattering method can be used to measure interfacial tension
as low as 1073 mN/M. This has also been demonstrated in studies of interfacial
tension of various liquids near its critical temperature (43,44). In these studies
measurements of interfacial tension as low as 0.8x10™% mN/M were performed
on carbon dioxide near its critical temperature using the laser light scattering
technique (44 ). At present, the spinning drop method is the other method which

can measure such low values with great precision.

The surface waves are damped by viscosity. This damping is related to the
width of the power spectrum. The experimental spectra are broadened by the
superposition of spectra due 1o a spread of wavevectors centered on the experi-
mentally determined wavevector due to several instrumental factors. By sub-
stracting this instrumental contribution to the observed power spectrum, the
interfacial viscosity can be calculated. The contribution of these instrumenta)l
factors, it has been found, can be represented by a Lorentzian squared function.
From analysis of spectra of the toluene/ water/ 1-propano! system, the interfa-

cial viscosity obtained is found 1o be equal to the bulk viscosity.

It is seen from the measured interfacial tensions for the various
toluene/1—propanol] systems that extrapolating these values to the amount of
I—propanol needed 10 solubilize the system a positive interfacial tension of 0.2
mN/M was still present. Thus a residual interfacial tension of 0.2mN/M s
found to be needed to oblain a phase separation. This observation is explained
from the fact that emulsification and stability are two independent factors.
Although emulsihcation is enhanced by a low value of interfacial tension, the
stability between two phases depends on the interfacial ilm formed, and there-

fore requires a higher interfacial tension.
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APPENDIX A

DERIVATION OF THE SPINNING DROP METHOD

The present derivation is that of Princen et. al (45). The assumption
involved is that the angular velocity of rotation, @, is sufficiently high that
buoyancy due to gravity is neglegible and the drop is aligned on the horizontal
axis of rotation. Coordinates (x,y) are chosen with the origin at the left end of
the drop. In a cylindrical drop, the angle between the normal to the interface at
(x,y) and the negative x direction is 8, and the semiaxes are X, and y_. The den-
sities of the drop and of the outerphase are d, and d, respectively, with d,
greater than d,, and the interfacial tension is y. Because of symmetry, it is only
necessary 1o consider a quarter of the drop, between (0,0) and (x_.y,), (figure

Al).
The pressure outside of the drop is given by

dzmzyz

. (A1)

P=P,+

and at y = 0, the pressure inside the drop is

P,=P + 2y (A2]

w“

where p  is the radius of curvature of the drop surface at the origin. At any y

inside the drop, the pressure is

d 2.2
P'=P,,+;'7—_‘_;_3_ [A3]

so at the surface of the drop, the difference in pressure is

114
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= X 23 [A4]
where Ad is d2 -d,.

The pressure difference is balanced by the capillary pressure across the
interface

M=,¢+le_]

. [AS5)
where the principal radius of curvature are
d’x
1 _ dy? _ dsin@
y i L (A6]
+ dx | |Z
dy
and
dx
1 dy _ sin®
= — v (A7]
g1+ (2= d
) dy
equating [A4] and (A5] yields for the equation of interface
dsin 9 sin® 2 ad w?y?
+ = A ithadl 2 A8
dy y Po 2y (A8]
expressed in dimensionless form
dsin® _ sin® _. 2
g A [A9]
where
y =2

[A9-1]
Po
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Ad w? ‘
C=____._4y [A9-3]
Integrating equation [A9] gives
2
sino=rl1-.‘f.4l'_ [A10]

In the special case when Y = Y _, sin 6 = 1 hence

aY,}=4Y,+4=0 [A11])

one of whose roots gives Y_ as a function of o .

Differentiating [A10] yields

3a¥?

3 dY [A12]

dsinf = [—

since tanf ~ dX/dY, where X = x/p_and Y = y/a . Multiplication on the lef1
hand side by tanf and on the right hand side by dX/dY and integrating

between the origin and (XY ) yields

cy _3Ja Y ..,
1=x,-=2 feriax (A13]
From the relation

1%

P =znj0"°yzdx [A14]

where V is the volume of the drop. One finds from Al13

V _d4n |r

Yodm e 3 (x1] [A15]
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where r is the radius of a sphere of 1he same volume as the drop. Thus equation

[A15] reduces to the form

which is a relation between r and p,.

[A16]

At high @, the drop is closely approximated by a cylinder with rounded

ends. In the cylindrical part

dsin 0 -

—~ar -0

with § =90 and Y = Y _and equation [A9] becomes

aY,*=2Y, +1=0

combining [A18] and [A11] yields for a long cylindrical drop

_ 3
Y.=3
and the highest possible value of

_16

*T37

combining [A9-2], [A19] and [A20] leads to Vonnegut's equation

_ Ao’y 3
Y=——3

for 0 <a <16/27, one finds by integrating the relation

{A17]

[A18]

[A19]

[A20]

[A21])

[A22]
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and by making the substitution

2
g =1~ ai’ [A23]

= ay,?
1= )

. aY d}
dg = 3

that it gives
1 1 g
X, = 7=/, ; dg +C [A24]
« 3 7, @ |2
g —q°+ a

Ifg, >q, > q; are the roots of the cubic term in the denominator then (46)

q,—l-%},,z“-jz-cos% +-;— [A25]
g; = io::osl%*k 2; + -:lg [A26]
93=§cos 247043 [A27]

wherecos b= 1 - 27a/8

Evaluating the integral in the interval q; £q <1 the solution is (47)

2 [g:\Flk )= (g, —gq3) ECk ) [A28]

X=—__
Va(g,~¢3)

+ IQi‘Q;] tandv 1 — K %sing ]+ C

where F and E are the elliptic integrals of the first and second kind.
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K2= g2 =43 [A29]
91— 93
and ¢ is defined by
- in2
¢ = ‘“1 _q_:ii";"’_ osp <7 [A30)

At (XO.YO). q equals q,, @ equals 0 and the bracketed term vanishes so that

C=X, [A31]

At theorigin X =0, Y=0and g =1

X,=—r =% (g1 Flkpyy—(qg;—q)Ek ) A32)
\/m[h dn—(q:1—q)E(k @, [

+(g1—g3) tang;\/ 1 = K sin%g, |

where ¢ = ¢, and q = |

These equations allow the drop shape 1o be computed for any value of o using
tables of the etliptic integral (48). Then all dimensions are known in units of p_
and can readily be expressed in terms of r using [A16). Instead of « , the more
convenient shape determining factor, Cr3, can be used by combining [A11] and
[Al6].

i

=X, —1 [A33]

cri=2|L
=3

o

Appendix F reports the values of the most important drop parameters for

various values of o (49). To obtain a value of y,, take a ratio of the length to

a

Y,

the width of the drop . Calculatle a value for r and determine the parame-
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ter C from appendix F. From equation A9-3 calculate y,. At values of o
greater than those in appendix F (when the central part of the drop is effectively

cylindrical) the following equations apply with sufficient accuracy:

a =16/ 27 [A34]
Y, =3/2 [A35]
X, =Cri+1 [A36]

1
r/a =3/ 2Cr?)3 [A37)
X, _ 2 Cri+1 [A38]

2 ST

=cr3 ). [A39]
r 3

x,/ y, = %(Cr3+ 1 [A40]



APPENDIX B

DERIVATION OF THE PENDANT DROP METHOD

Bl - DERIVATION OF THE LAPLACE EQUATION

Consider a curve liguid surface at equilibrium. The pressure is greater on
the concave than on the convex side by an amount which depends on the surface
or inlerfacial tension and the curvature. The pressure difference is due to the
fact that the displacement of a curved surface along its normal results in an
increase in area as the surface moves towards the convex side (figure 2.6). Work
must be done to increase the area. The work done by the pressure difference in
moving the surface must be exactly equal to the work required to increase the

area if the surface is in equilibrium.

The calculation is performed by considering the energy changes involved in
the displacement of the surface. In Figure Bl, ABCD is a small element of sur-
face with sides at right angles. A'B'C'D’ is this area displaced a distance 8n,
away from the concave side. The normals to the boundaries in the displaced
position A'B'C’'D’ are the same as the normals in the original position ABCD.

The normals at A and B meet at O, , and those at B and C at O,. Letting
the radius of curvature of the arc AB be R, and that of BC be R,. The angle
AQ,B is AB/R, radians and BO,C is BC/R, radians. The area of the element of

surface after the displacement is :

AB BC
Neglecting the second-order terms :
Sn on
ABCD|1 + g~ + o~ (B2]
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Figurc Bl Small scction of an arbitrarily curve surfac

¢ displaced a dis-
tance &n
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The work done against the interfacial free energy or interfacial tension, Y;r of

the surface is during the expansion therefore :

1 1
YABCD bn Y + -R:l [B3])
The work done by the pressure difference due to the surface curvature is :
IAP lﬁn ABCD. [B4]

No other work is done by any other forces, hence at equilibrium these quantities

must be equal, yielding :

L+,L| (BS]

Equation [BS5] is the fundamental equation of capillarity and is known as
the Laplace equation. Equation [B5] permits the calculation of the shapes of
liquid surfaces where the weight of the liquid is neglegible. The difference in
pressure can be expressed in terms of the height above a fixed point in the fluid,

and the density difference between the two phases on each side of the interface.

B2 - APPLICATION OF THE LAPLACE EQUATION TO A PENDANT DROP

The Laplace equation [B5] relates the pressure difference across a liquid /
liquid or liquid / gas interface to the product of the surface ( or interfacial )
lension and the total curvature ( 1/R,+ I/Rz). Note that with a plane surface,
R,= -R,~ coand AP therefore is nil.

Referring to Figure B2 below, and choosing plane 1 ( perpendicular to 20x )
so that it passes through the axis of revolution (Oz), analytic geometry leads to

the following relationship :



Z AXIS

Figure B2

FIGURE BZ

23
8 y 2 ]
- f X 7

B —
- PLANE 1 ;
— -~
b — —
L 4

.00 |- -
o €Y ]
- RI t -

.00 —-—

-2..0C -1.2¢C 2.023 1.22 Lol

X AXIS

Radii of curvature R, and R, shown in the pendant drop
method. )

¢l



126

1 z"
- = [Bol
Ry  (1+z)y)¥?

where ;

dz
dx
2" =d?%:/ dx?

' —

The radius R, must then be in the perpendicular plane zOx and is given by

the relationship

1 z' — sin¢ . [B?]

R: X+ “x

Where ¢ is the angle formed by the tangent at any point on the curvature of the

drop ( at the intersection of zOx plane and the drop ) and the Ox axis.

The pressure difference due to the curvature at any point on the zOx inter-

section curve equals

2y,
AP = —-Z—*i-hpg: (B8]

where :
7 is the vertical distance from the origin O.
Ap is the density difference of the two phases.
g is the gravitational constant.
b is the radius of curvature at the apex of the drop.
and vy, the surface or interfacial tension.
Substitution of [B6], [B7] and [B8] into equation [B5) and equating :

27: 2" F4
AP = + = + - B9
A Frvwen s Sy eww e o el ke (B9]

At z = 0 the Laplace pressure {AP) equals 2y,/ b and at any other value of 7 the



change in the Laplace pressure equals

Apgz + -2-;# [B10]

Equation [B9] may be rearranged 1o a dimensionless form by utilizing the

fact that R,= x/sin¢ and introducing the dimensionless quantities -8 and o?

defined as :
_g= degh? _ 267 B11
p= 20 -2 (B11]
and
2y
al= 20 [B12]
Apg
where o2 is known as the capillarity constant.

The dimensionless form of equation {B9] becomes :

b b . . _ Bz
rl--f;smd»— 5 t2 (B13]

B is positive for oblate figures of revolution, (i.e., meniscus in capillary tube or
a sessile drop ) and is negative for prolate figures { i.e., pendant drop or clinging

bubble ).

The numerical solution of equation [B13) using the fourth order Runge-

Kutta method (50) is presented and explained in section B5.
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B3- THE SHAPE DETERMINING VARIABLES FOR THE ESTIMATION OF
SURFACE OR INTERFACIAL TENSION USING PENDANT DROP

It is generally not convenient to measure 8 directly since it is a function of
the shape determining variable b. However, 8 is related to other variables, H

and 5, whose determination is easier.

For the pendant drop method Andreas er a/ . (19) fell that the most con-

venient shape determining quantity is :

s =35 [B14]

where de is the equational diameter and ds is the diameter of the droplet meas-
ured at a vertical distance de from the x-axis parallel to the z-axis as shown in
Bgure 2.6. The radius of curvature b in equation [B11] is combined with 8

when one defines the quantity :

—H =8 f.’bi (B15]
Thus from equation [B11]
— 2 —_ 2 2
y, = Thogb? _  —dpgb® _ hpglde) (B16)
B 5 T i
| |H
de

Fquation [B16] is the relationship of Andreas ef al . for the measurement of the
surface (or interfacial) tension using pendant drops regardless of size and com-
ponents. The relationship between the shape dependent correction factor 1/H
and the experimentally measurabie quantity S was determined empirically by

Neuderhauser and Bartell (51), Fordam (52) and Stauffer (53). Various sized



129

waler drops are photographed, where y,, 4 p and g are known and de and ds

were measured. By rearranging equation [B15], H can be obtained.

H = Ap(:e 2 _ Mg(del:'s ¥ (ds »? (B17)

These results are tabulated on table Bl.

The relation of 1/H vs S can also be represented with a polynomial within

0.01 percent error and is given by {54)
.5, = —118.786759 5'° + 434.093599 §°— 432.601126 S* [B18]
— 27813276057 + 910.895409 $* — 790.791405 S
+341.3744995 5% + 138 742343 §3 ~ 682.868757 § 2
+946.667667S! — 718.068036 S° + 324.749083 § !

— 873071898 S 72+ 13.17152355 1 —0.832701805 5

B4 ESTIMATION OF SHAPE VARIABLE 8 AND THE RADIUS OF CURVA-
TURE AT THE APEX OF THE DROP b

Equation [B13] may be solved provided 8 and b are known. The procedure

is as follows:

1) equation [B13] is solved for a given value of 8, where 8 is a function

of ¢, x/b, z/Db.

2) A table of ¢, x/b, z/b is established.
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TABLE B1l: Numerical Tabulation of 1/H versus § Function for Calculation of

Interfacial Tension by Pendant Drop Method.
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3) From the table when ¢ = 90° , corresponds 1o the equatorial

90°

x
L)

diameter of the droplet and 2 [-Z-l =fbi . The value of -Z-=f;-
00

corresponds to a value of i;. equals to % ‘f‘; , therefore
X
2 -g al% =2|%1
S = IR o [B19]
2 X
5 o

The calculations are repeated for various values of 8, until a table of 8 vs.
S values are established, table B2. From this relation a polynomial representa-

tion of B as a function of S has been determined to be (54) :

B = 5281800415%— 34416311057+ 76.773546 5* {B20]
~ 73.0954332 5% + 25.4482469 S* + 0.00805209381 §*
+0.176193444 52 ~ 0.0366337797 S — 0.0316796537
— 0017687273257 1—-2.45519419 572+ 2.39538684 5?

~ 06156022145~

For a given droplet S is experimentally determined, and 1/H and B can be

determined. The corresponding values of b can then be determined :

1

By, |2
b=|__
g [B21]

and equation [B13) can be solved.



~134 -

TABLE B2: Table of B versus S.

TABLE B2

B S
-0.30 | 0.721953744

-0.31 | 0.732321225
-0.32 | 0.742559691
-0.33 | 0.752678832
-0.34 | 0.762687711
-0.35 | 0.772594641
-0.36 | 0.782407615
-0.37 | 0.792133990
-0.38 | 0.801780635
-0.39 ( 0.811354196
-0.40 | 0.820860779
-0.41 | 0.830306445
-0.42 | 0.839696669
-0.43 | 0.849036704
-0.44 | 0.848331680
-0.45 | 0.867586218
-0.46 | 0.876804840
~-0.47 | 0.885991668
-0.48 | 0.895150657
-0.49 | 0.904285197
-0.50 | 0.913398258
-0.51 | 0.922492452
-0.52 | 0.931569280
-0.53 | 0.940629488
-0.54 | 0.949677189
-0.55 | 0.958694269

-0.56 | 0.976643906
-0.57 | 0.976643906
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BS DETERMINATION OF THE PROFILE OF THE PENDANT DROP

The profile of a pendant drop is obtained by the solution of equation [B13).

Substituting 1/R, by the relation in [B6] it is obtained

bz" bsing _ Bz
g + " = _5_ + 2 [B22]
l] +(z ')2]
letting :
_x ., _ z - dz _ dY < aU _ 1
Vg Y=g e =g Vo v
applying these relations to {B22] yields :
dY, d? > ¥y
=2t reva)? |- 2 [B23]
a UC1+YF)s + 8Y) +2
then,
a2y,
aWw _ dw du? 1 47, ay,
_ dw _ - — W [B24]
¥ A Ty FOYIar? dU.
dl/
1 )7 | 1
=-wii+ L _— [B25]
W1+ )2+ 8y, +2
I ( ‘—V—z‘ ﬂ ]
3 1
= |w2+ll + — [B26]

IU (W2+1)2 -8y, ~2
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Now the Runge-Kutta method (50) is incorporated into a fortran program and

is used to solve the above differential equation with the initial conditions

1) v)y=o0
2) Y1=0
l’2=0

The program solves the differential equation

2

Z=f

A,

2 dz
T dx

[B27]

X

3

by the Runge-Kutta method. When z is the independent variable, equation

___z_ —'—r f l " "

The program operates in mode | when equation [B27] is solved and mode 2
when equation [B29] is solved. It switches from one mode to the other when-
ever dz/ dx!( mode 1 ) or !dx/ dz!( mode 2 )} exceeds an input parameter (sw),
the switchpoint. A normal switchpoint is 1. when a switch from mode 1 to
mode 2 occurs, the current value of x , z, and { dz/ dx ), become the initial
values of x ,z and dz/ dx respectively. Likewise, from mode 2 to 1 (dx/ dz)!

becomes initial values of dz/ dx. The functions in this case are

f {B30)

3
xzy = 1er?)f —1
x(1+Y)2 + 8242

)

3 2
vy |=x|wien) *1 [B31)*
x(W?41)? =82 =2
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LN PP (B32]

the length of the step (h) and the number of steps 10 be taken are input parame-

3
= |w2+1lf

ters. At each step in mode 1, x is incremented by h ; in mode 2, z is incre-
mented by h. Results are printed only when the step number is a multiple of
the input parameter IFREQ, or when dz/ dx ( mode 1 ) or dx/ dz { mode 2 )
exceeds 10 or is less than 1072, Execution terminates when this derivative
exceeds 10'C. @ is the angle between the tangent to the curve z(x) or x(z) and

the positive x-axis. It is given by

¢=sint | X (mode 1) [B33)

¢ = cos~! —-_-"_—_2.. (mode 2) [B34]

* Where the uppes sipn is for x > 0 and the lower for x <0,



API'ENDIX C

TABLE OF CALCULATED SHAPE PARAMETERS
OF THE ROTATING DROP

.00000000
.01000000
.02000000
.03000000
.N%000000
.05000000
.06000000
.07000000
04000000
.09000000
.10500000
.11000000
.11500000
.12000000
.12500000
.13000000
.13500000
.14000000
.14500000
.15000000
.15500000
.16000000
.16500000

.17000000

r/o°

1.000
1.001
1.007
1,010
l.01a
1.017
1.021
1.026
1.029
1,033
1.0309
1,041
1.043
1,065
1.047
1.049
1,051
1.0573
1.056
1.05A
1.060
1.062
1.065

1.067

cr!

0.0000
L0051
0102
+0155
0708
0763
01319
05377
0435
«0u9s5
DR HA
«04K20
+ O0RG2
L0RAG
0717
« 0750
+DTARL
«NARIA
«0ns53
+NARA
0323
0959
« 0984

»1033

r
xo/

1.000
1.002
1.003
1.005
1.007
1.009
1.011
1.017
JeJ14
1.016
1.019
1.020
1.02¢2
1.023
1.026
1.025
1.026
1027
1.028
1.029
1.030
1.03¢2
1.033

]1.034

y,/r

1.0000
. 9992
3983
» 9% 76
« 9965
+ 3954
.9947
.99230
«9G2F
+ 9918
3903
«GRGA
«FR9]
. YRKUR
.5882
«YRT7
«9BT2
«9R66
«9RBE])
« YR5G
« JRG T
C9RLY
YR

<9R3P

lﬂlyﬂ

1,000
1,003
1.005
1.008
1.010
1.013
1.016
1.019
il.nee
1.025
1.029
1.031
1.033
1.036
1.036
1.638
1.039
1,041
1.0643
1,044
1,046
1.,0aB
1.050

l1.n62
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a

17500000
.1R000000
18500000
.19000000
19500000
»20000000
.20500000
.21000000
21500000
.22000000
« 22500000
.23000000
«23500000
.24000000
v 26500000
.25000000
25500000
.26000000
26500000
.27000000
« 27500000
28000000
«28500000

»29000000

r/ip

1.069
1.072
leC74
1.077
1.079
1.082
1,084
1.087
1.0R9
1.092
1.095
1.097
1.100
1.103
1.106
1.109
1ell2
1.115
l1.118
le121
1.124
l.127
l.130

1.133

«1R00
« 1849
«1900
«195]
«2003
e 2057

2111

1.064
1.065
1.067

1.069

ylir

+9RZ6
«9R20
.981l4
«9R0A
.9801
.9795
.9789
«9782
9775
« 9769
« 9762
9755
.9748
« 974}
« 9734
9727
« 9719
9712
«9704
«9R98
+« €88
« 9680
<9672

« 9664

xoly
].054
1.055
1.n%7
1.059
1.061
1,063
1.065
1,067
o070
l.072
1.076
1,076
1.n78
1,081
1.083
1.085
1.088
1.090
1.093
1.065
1.098
1.100
o103

1.106
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[+1

«29500000
«30000000
» 30500000
«31000000
31500000
320000060
« 32500000
«33000000
« 33500000
+ 34000000
« 34500600
. 16000000
«35500000
. 36000000
» 36500000
«37000000
«37500000
.38000000
«+3JR500000
»39000000
«39500000
260000000
«%0500000

«©1000000

r/p

1.137
1140
laelal
1.147
1.150
1.154
1.15R
lelel
1.165
1,169
1.173
1.177
1.18}
l1.1R5
1.190
1.19¢4
1.198
1.2023
1.20R
1.212
1.717
1.222
le228

1.233

+ 2166
2222
+ 22RO
« 7138
« 71138
e 24659
«2521
«25A5
+ 2650
#2716
«27R4
«2R5¢&
» 2925
« 2998
3072
3149
« 3728
«3308
«339]
« 3476
+«36A3
«JAS3
+ 3746

s 3341

xolr

.1.070

1.072
1.074
1.076
1.078
1.080
1.082
1.0R6
186
1.088
1.090
1.092
1.094
1.097
1.099
1.101
1104
1.106
1.109
lelll
lelle
1.117
1.120

1.123

y,/r
. 9656
T %
«9A38
e 9630
« 9621
«FR] ]
. 9602
. 95093
. 9581
«9573
e 9563
9553
« 9542
«983)
. 9520
.5509
«P49R
R TAY
L96Th
TN .Y
L9469
« 94 36h
9623

« 9609

1.16h
1.170
1.175
I.179
l.184
1.188

1.193
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«21500000
«%2000000
v42500000
«%»3000000
«43500000
+44000000
«%4500000
«%50000600
+ 45500000
«46000000
46500000
7000000
« 47500000
«8000000
48500000
+49000C00
. 49500000
.50000000
+350500000
51000000
«21500000
«52000000
«32500000

«53000000

r/p

1.23R
le244
1.250
1.255
1.261
1.268
1.274
1.281
l.288
1.295%
1.302
1.310
1.318
1.326
1.335
1 o364
1.35)
1.363
1373
1.384
1.396
1.408
led2l
1s435

» 3340
NGl
eh166
24256
+ L1656
20482
4603
«6728
+4A5H
+4993
«S134
«5281
+54135
«5596
+ 5766
T-TYA
«6132
«6310
654}
+ 0765
« 7004
e 7260
« 7536

« TR3IS

lel26
1.129
1.132
1,135
1.139
lelb2
lelab
1150
1.15¢4
l1.158
1.162
1.167
1171
la176
l.181
1.187
1.192
1.198
1.204
1.211
1.218
1.226
1.234

1e26D

« 9395
+9381
+9366
«9351
« 9335
«91319
«9302
« 9285
e 9267
2 324R
»9229
« 3209
«9188
« 9166
29144
<9120
« 9098
« 9069
Q04 ]
«9n12
L898])
«B949
«891¢

«BRTH

xﬂ/‘yﬂ

1.198
1.203
1.209
1.214
1.220
1.226
1.232
i.238
1.265
1.252
1.259
1.267
1.215
1.283
1.292
1.301
1.311
1.321
1.332
1.344
1.35¢6
1,370
1.384

1.400
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«53500000
54000000
+54500000
.55000000
+55500000
«56000000
.56500000
«S7T000000
«97500000
«57550000
«57600000
27650000
«S57700000
« 27750000
«57800000
57850000
«57900000
57950000
.58000000
+58050000
«58100000
«58150000
.58200000
+58250000

r/p

1.450
1,467
1484
1.504
1526
1.550
1.578
1.611
1.652
1.656
1.661
1.666
l1.671
1.676
1.68)
1.687
1.692
1.69R
1.704
l1.710
14717
1.723
1.7130

1.738

Cr?

+8161
.B8518
«8913
« 9354
+ 9855
1.0430
1.1107
l1.192%
1.2957
13077
1.3700
143327
1.3458
13594
1.3734
l.384A0
1.60131
l.4187
]l 44350
l.4520
le4697
le4RA2
1.5075

1.5279

xolr

1.252
1.263
1274
1.287
1.301
1.318
1.337
1.361
1.390
1.393
1.397
1,400
1.406
1,408
le6l12
1,616
14420
1,426
1.429
let34
1.439
J bbb
1.469

1.455

y /r

«RBIE
8792
WAThG
« 8690
8631
.8564
.8487
«839S
8282
8270
.8256
8243
8229
8215
.8200
- 8185
«8169
«8153
.813%6
.8118
5100
+&n81
« 8062

8041

142

x/y

1.417
1.436
1.657
1,481
1.508
1.539
1.576
1.621
1.678
1.685
1.692
1,699
1.706
1.714
1,722
1.730
1,738
1,747
1.756
1766
1.776
1.787
1,798

1.R09



«5R8300000
58350000
«58400000
+58450000
« 58500000
58550000
.58600000
« 28650000
«28700000
«58750000
+58800000
«58850000
. 585900000
«95B8950000
59000000
«59010000
«59020000
« 39030000
«59040000
« 59050000
«29060000
+59070000
«59080000

-59090000

r/p

1,745
1.753
1.761
1.770
1.779
1.789
1.800
1.811
1.823
1.836
1.850
l.866
1.883
1.90)
1.92%
1.930
1.936
1.941
1.947
1.953
1.959
1.965
1.972

1.979

Cr?

1.5492
1.5718
1.595%6
1.6210
16479
l1.6768
1.7077
1.7412
1«7776
1.8174
1eBhl4
l1.9106
1.9662
22,0303
2.1059
2e.l227
2.1403
2.1586
2.1778
2.1978
2.2188
22409
2.26643

2es2RR9

xofr

le0461
leb67
1ot 74
1.481
1.488
1.496
1.505
l1.514
1.524
1535
1547
1.560
1.575
1,593
1.613
1.618
l1.622
1,627
1.632
1.638
}.663
1.649
1.656

1.662

y,/r

.8020
. 7997
e 7974
. 1949
« 7921
« 7895
+ TR6S
« 7834
« 7799
« 7762
1722
7678
7628
« 1572
« 1507
. 1693
7478
e 7663
o TL&T
« 7430
7413
. 7395
« 71376

« 7356

143

x [y

t1.821
1,836
1.B48
1.863
1,878
1.895
1,913
1.932
l +954
1,977
2.003
2.032
2.065
2,103
2ale0
2,159
2.169
2.180
2.192
247206
2.217
2.230
2.245

2.260



«5%100000
+59110000
59120000
«59130000
«59140000
«59150000
+59160000
«59170000
«59180000
.59190000
«59200000
«959201000
59202000
«59203000
«59204000
«$59205000
«59206000
«59207000
+59208000
59209000
259210000
59211000
+59212000

+59213000

r/p

1.986
1.994
2.002
2,011
2.021
2.03]
24062
2.054
2.068
2.0R83
2.100
2.102
2e104
2.106
2.108
2.110
2.112
Zelld
2ellb
2.118
2.120
2.12¢
2s125

2.127

cr}

€.3151
¢+3430
2.3729
2.4049
2.4396
4TT3
2.5187
25645
2.6157
2.6739
2.7412
2.7486
2.7561
2.7637
2.7714
2.7793
27873
2.+795%
2.8039
2.R124
2.8210
248299
Z2+«8189

2e.BuR2

xolr

1.669
1.677
1.685
1,693
1.702
1712
1.723
1.735
1749
} o764
1.782
1.783
1.785
1.787
1.789
1.791
1796
1796
1.798
1.800
1.802
1.805
1.807

1.809

y /r

« 7335
« 7313
« 7289
» 7264
« 7238
. 7209
7177
o 7143
« 7106
7063
7016
» 7010
« 7005
« 7000
« 6994
« 6989
« 6983
.6978
6972
« 6966
« 6960
«6954
« 6948

«694&]
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xojy

2,276
2.293
2,311
2.331
2,352
2.375
2.601
2.429
2e.4b1
2097
2.539
2.5bb
2.549
2.553
2.558
2563
2.568
2.573
2,579
2.584
2.590
2,595
2.601

2.607



«59214000
«959215000
«59216000
59217000
«59218000
59219000
«59220000
«59221000
»99222000
.59223000
+5922464000
59225000
«59226000
59227000
.59228000
.592290090
+99230000
»59231000
299232000
«59233000
.59234000
«59235000
59236000

59237000

2.129
2.132
2+]34
2.136
2.139
2.142
2elids
2ela?
2.150
2.153
2.155
2+15R
2.162
2.165
2+.168
2e.171
2.175
2.178
2.182
2.186
cel130
2.194
2.19R

2.202

cCr?

2.857h
2.8673
2e8771
2.8R73
2.53976
2.9082
2+919]
2e93N2
249417
2+95%
2+9655
29779
2.9907
3.0039
3.0176
3.0316
3.04h]
3.0612
3J.0767
3.0929
3.1097
J.1272
3.1654

J.inss

xo/r

1.812
1.814
1.817
1.820
1.82¢2
i.825
l1.828
1.831
1.834
1.837
1 « 8B40
1843
1846
1.850
1.853
1.857
1.860
1 .864
]1.868
1.872
1.877
1.881
1.886

1.891

Yy /r

. 6935
« 6928
6922
.6915
64908
« 6901
«6R94
+ 6886
«0879
«687]
- 6861
. 6855
<6846
.5838
6829
.6R20
.b810
«6801
.679])
«6780
«6770
+6759
67467

+6735

146

xn/y

2.613
2.619
2.625
2.631
2.638
2.bib
2.651
2.658
2.666
2.673
2.681
2.689
2.697
2.705
2.7l
2.723
2.73¢
2eT4l
2.751
2.762
c.172
2.783
26795

2.R07



«59238000
«99239000
+«29240000
«59241000
» 99242000
59243000
59244000
. 959245000
929246000
«59247000
«59248000
«59249000
» 959250000
«29250100
« 59250200
59250300
«59250400
59250500
«59250600
«59250700
«59250800
«59250900
«59251000

«59251100

r/o

2.207
2.212
2.217
2222
2.22R8
2.233
2.240
2.246
24253
2261
2.269
2277
2.287
2.288
2.289
2.290
2.291
2.292
2.293
2294
24295
2.296
2+ 29R

24299

J.1842
3.2051
3.2270
3.2500
d.2704
J.3002
33217
3.3570
3.388S
3.4224
3.4592
34594
3.5438
3.5485
3.5533
3.55A81
3.5629
3J.5679
3.572A
3.577R
J.5R79
3.58A]
3.5933

3.5986

xu/r

" 1.896

1.901
1.907
1.913
1.919
1.925
1.932
l.940
1.948
1956
1.966
1.976
1.987
1.988
1.989
1.990
1,992
1.993
1994
] 995
1.997
1.998
]1.999

f.000

y /v

«6723
6710
6697
6683
6668
6653
6636
6619
+6600
.6581
« 6560
.6537
.6812
6509
«6507
«5504
.6501]
«HGLIR

« 6496

646937 .

26490
6uB7T
H4L84

6482
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X /y

2.R20
2.R33
CeR&T
2.862
2.878
2.894
2.912
2.931
2.951
2.973
2.996
3.n2e
3,051
3,054
J.057
J.060
3.063
J.067
j.o70
3.073
3.076
3.080
3.083

3.086



a

«59251200
99251300
«59251400
« 59251500
«99251600
«59251700
59251800
«59251900
« 59252000
98252100
59252200
«59252300
«59252400
59252500
«59252600
.59252700
«59252800
«59252900
»59253000
»59253100
«59253200
«59253300
«592513400

+99253500

r/p

?7.300
2.301
2.302
2.303
2305
2.306
2.307
2.308
2.309
2.311
2.312
2.313
2.315
2.316
2.317
2.319
2.320
2.321
2.323
2e324
2+326
2.327
2.329

2330

Cr?

3.6039
3.6093
J.6148
3.6201
3.6259
J.61316
3.6374
J.6432
3.649]
3.6551
l.6612
3.66746
J.6737
3.6R00
J.6R65
3.6930
3.6997
3.7064
3J.7132
3. 7203
J.T7274¢
3473406
3.7619

3. 7493

xn/r
2.002
2.003
?.005
2.006
2.007
2.009
2.010
2.012
2.013
2015
2.016
?.018
2.019
2.021
2.022
ce024
2.026
2.027
2029
2.031
2.033
2034
2,036

2.038

y/r
Hhol9
e 64TH
26473
«6470
26467
e6463
6460
+ 6457
. 6454
«645]
o647
«6b44
«6hb]
663137
6634
«b430
64627
6427

6419

6016

«66412
+6408
6404

64600

147

X ly

1,090
3,09
3.097
3.101
J.104
3.108
3.112-
3.115
3.1179
3.123
J.127

3.131
3.135

3.139
3.143
J.148
), 152
3,156
3,161
3. 165
J.170
J.175
3.179

3.184



«59253600
29253700
«59253800
«99253900
+ 59254000
59254100
»59254200
e 59254300

059254400
«59254500
99254600
«592%4700
.59254800
«59254900
«59255000
59255100
,99255200
» 59255300
« 59255400
59255500
«59255600
59255700
. 59255800

. 59255900

r/p

2.332
24334
2.335%
2e337
2.338
2+340
2.342
2.344
24365
2e3467
2349
24351
2.353
24355
2.357
2.359
2.361
2+36)
7?+366
2.368
22370
2«37
2.37S

?7.378

C r?

3.7569
J.7646
J.7725
3.7R0%
3.7886
3.7970
3.80%¢
3.H8141
1,8229
3.8319
J.8411
3.8505
3.8a01
3.86499
1.8799
3.8902
3.9007
3.9115
3.92276
39340
3.9457
J.9577
3.9700

3.9827

xolr

2e040
2.042
2e04b
2.046
2.048
7,050
2+9582
f.054
2.056
2.058
2.061
2.063
2065
2.068
2.070
2.073
2,075
?7.078
2.081
2.084
2.086
?.0R9
2.092

2.096

+«6348
+6343
.6338
«6333
.632R
6322
6317

6311

.61306

86300
H29
+628AR

6781

148

x,/y

3.186
3.194
3J.199
3,204
J.210
3,715
3.221
3.226
3,232
3,238
3. 244
3.250
3.256
J.263
3.269
3.276
l.283
3.290
J.297
3.304
J.31¢
3.320
J.328

3,336



a

«59256000
59256100
+99256200
59256300
«59256400
« 99256500
259256600
«59256700
«59256800
«59256900
«99257000
«59257100
59257200
« 59257300
99257400
«59257500
299257600
+29257700
59257800
«99257900
«59258000
«39258100
«59258200

« 59258080

r/p

2.JR0
2.3R3
2+386
2.389
2.392
24395
2.398
2.401
2elalb
2+408
2etall
2.415
2ebl9
ekl
2.428
2e4l?
2417
Eolats2
2e44a7
24453
2.459
2.466
2.673

2.465

cCr?

3.995A
4.0093
4,0232
4.0376
4,052
44,0679
4.0838
b,1004
“.1177
%.1357
LolS440
4,1740
4,1946
“.2161
4.27R8
©.2627
“.2R88]
44,3150
4.3437
Go3This
4 4075
boa4463)
4.4A24

4,4359

xolr
2099
?.102
2.106
2.109
2e113
2.116
2.120
2.124
2.129
2.133
2.138
2.142
2.147
?.153
2.158
2e164
2.170
24176
2.183
7.191
?.199
2207
2.217

2.206

y /r

6275
«626R
626])
«6254
h2aT
+ 6240
6232
. 6224
6216
«6207
6198
. 6189
«6180
6170
6159
«6l4p
«6136
5124
+6111
«6N9A
+6NB13
6067
«6050

6070

149

l‘.Of‘ytb

3,345
3,354
3.363
3.372
3.382
3.392
3,402
J.al3
J.al6
1.436
Jats©
3.461
3,675
J.485%
3.504
3.520
3,536
3,554
3.573
3.593
3.615
J.638
3.664

J.63)



«95925810n0
.5925812n
«59258]40
«5925R160
.59258180
«59258200
«59258220
« 59258240
» 59258260
59258280
59258300
«292%R8320
59258340
«59258360
«99258380
» 59256400
«59258420
«5925R440
« 99258460
« 59258480
«9925R500
«99258520
59254540

«9925R560

2+.466
2.467
2.469
2.470
2+472
2.4171
2+a78
2:676
2.478
2.479
2.081
2.%481]
2+484
2486
2.488
24490
24692
26946
2.695
2697
24499
2.502
2+504

2.506

Crl
44,4417
b,4508
4 .,45R5
Gbo4663
4.,4743
“4,LR24
4.4906
4,4990
“.h076
4.,5164
4,5253
4,5344
445438
4.5533
4“e5630
“.5730
4,5R32
44,5936
,6N4]
4.6153
4.6265
“.538]
4.6500

4.h622

xolr

2.207
2.209
2.211
2.213
2.215
2.217
2.219
?.221
2223
2.225
2.227
2.229
2+.231
2.236
2.236
7.238
2elh]
2+243
2elbb
ce248
2.251
2:25¢
2.257

2.260

vyl

6067
Y -TA
6061
« 6057
« 6054
« 6050
« 6067
B0&3
6039
«6N36
L6032
L6028
26024
«6N20
6016
6011
.6007
«.6003

.599A

« 5994

+5989
.5984
«5979

«5974
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xO/y

J.AJ8
J.6h4l
3.668
3.653
3.659
3,664
3,669
3.675
3.~80
3.686
J.0692
3.698
3. 704
3. 711
3.717
3.723
3.730
3.737
3, Tl
3.751
3.759
J.766
J.774

J.782



« 99258580
« 59258600
+59258620
« 59258640
59258660
«56258680
+ 29258700
« 59258720
« 59258740
.59258760
+99258780
29258800
« 59258820
.59258840
59258860
+59258880
+«59258900
59258905
+5925868910
«5925R915
+»59258920
59258925
«9925AR93n0

+59258933

cCr’

4.,6748
L .6RT7
4.7010
4.7148
4.77290
447437
4.7589
4.7747
4.7911
“.8081
4L,8258
“,Buu2
4,.,8635
4,B8837
4.904R
L.9271
49506
49566
4.9628
449690
4.9756
“.9818
4.9AR]

4.9323

xn/r

2263
2+266
2.259
2.272
2275
2.279
2,283
2.2B6
2290
2+29
2.298
2.303
2e307
2e312
P37
2.322
2.328
2.329
24330
2,332
#+333
2.335
2.336

74337

YolT

«5969
« 5964
« 5958
5953
« 5947
«594]
5935
.5928
5922
«5815
«5908
«5901
«S5R93]
.5885
5877
«SR6A
« 5859
5857

« 5854

«SB52°

+ 585N
« 5847
«SRGY

«SR6T

151

xo/y

3. 791
3,799
3,808
3.817
3.926
3,836
3,846
1.856
3.867
3.879
3.890
3.902
1,915
3.928
3.942
3,957
3.973
3.977
3.981
3.985%
3.989
3,993
3.998

,000



110

10

ck
14

ck
17

cf

cp
cf
cp
<p
300

APPENDIX D

FORTRAN PROGRAM TO CALCULATE
THE PROFILE OF THE PENDANT DROP.

implicit real*8(a-h.m.o-2)

dimension ¢(2.4).y(2),2(2).w(2)

dimension xval{(1500),yval{1500}

character*5 ii

character*15 filename,blank

data con/57.29577951308232d0/.1/1/ nstep/6000/

data blank/’ N

xi= 0.0d0

y(1)= 0.0d0

y{(2)= 0.0d0

h=1.0d-3

sw= 1.0d0

ifreq= 20

call bull(m v.b filename.blank)

if(filename.eq.blank Jstop

X=Xi

ir=0

kcouni=0

write(6.10)v h.nstep

format(//.” beta='.d13.6. interval=".d12.5.i7.6h steps)

ii="dz/dx’

if(l.eq.2)ii="dx/dz’

write(6,.14)x.y(1).ii,y(2)

format(/.” initial values x =".1pd15.8." z=",d15.8,1x .a5.
"= d15.8)

write(6,17)ii

format(/" step’.10x.'x’,16x.'2".13x.a5,8x. phi(deg) mode’/)

hh=.5d0*h

Xx=x/2.54

yy=v(1)/2.54

write{20.300)xx.yy

kcount= kcount + 1

xval{kcount)=xx

yval(kcount)=yy

XX=-XX

write(21.300)xx.yy

xval(kcount + 500 )= xx

yval(kcount + 500 )= yy

format(1x.1pel6.5,1x.16.8)

hb=h/6.d0

do 70 i=1.nstep

xh=x + h

xhh=x+hh

do 23 j=1.2

c(j.1)=f(x.y(1).y(2).jv.1}



23

26

29

32

43

46
¢k
47

cf

cp
cf

cp
cp

49

64

2(j)=y(j)+hh*c(j.1)

do 26 j=1.2
¢(j.2)=f(xhh.2(1).2(2).5.v.1)
w(j}=y(j)+hh*c(j.2)

do 29 j=12
¢(3.3)=1{xhh,w(1).w(2).j.v.]}
z(j)=v(j)+h*c(j.3)

do 32 j=1.2
c(j.4)=f(xh.2(1).2(2).j.v.1)
y()=y(j)+h6*(c(5.1)+c(j.4)+2.d0*(c(j.2)+c(j.3)))
x=xi+h*dfloat(i-ir)
a=dabs(y(2))
if(mod(i.ifreq).ne.0.and.a.11.1.d1 .and.a.g1.1.d-2)go 10 49
d=dsqri{1.d0+y(2)**2)
s=y(2)/d

if{).eq.2)goto43
t=con*asin{sngi(s))
xp=x*b*m

yp=y(1)*b*m

golo46

t=con*acos(sngl(s))
¥Yp=x*b*m

xp=y(1)*b*m

continue
write(6.47}i.xp.yp.y(2).1.]
forma1(i7.1p3d17.8.0pf11.5.i4)
xx=xp/2.54

Yy=yp/2.54
write(20,300)xx.yy
kcount= kcount+|
xval(kcouni)= xx
yval(kcount)= yy

XX=-XX
write(21.300)xx.yy
xval(kcount + 500) = xx
yval(kcount + 500} = yy
Xp=-Xp

if(a.gi.1.d10)go 10 71
if(a.le.sw.or.sw.le.0.d0}go 10 70
1=3-]

Xi=y(1)

y{1)=x

X=Xi

ir=i

if(y(2).11.0.d0OYh=-h
hh=.540%h

h6=h/6.d0

y(2)=1.d0/y(2)
if(1.eq.2)go1064

iim'dz/dx’

Ip=x

yp=y(1)

goto6?

ii="dx/dz’

153
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xp=y(1)
yp=x
67 Ip=xp*b*m
yp=yp*t*m
ck write(6.14)xp.yp.ii.y(2)
ck write(6,17)ii
70 continue
71 continue
cf close(20)
cf close(21)
call order(xval,yval.kcount.filename)
goto 110
end

function f(y.u.w.k.v.l)
implicii real*S(a-h.o-z)
f=w
if(k.Jt.2)return
t=w*w+1.d0
s=dsqri(1)
if(1.g1.1)go 10 90
q=1.d0
if(dabs(y).g1.1.d-30)q=w/(y*s)
f=1*s*(v*u-q+2.d0)
return
90 q=1.d30
if(dabs{u}.g1.1.d-30)q=1.d0/(u*s)
g=v*y+2.d0
if(u.11.0.d0)g=-g
f=1*s*(q-g)
return
end

subroutine bull(m,beta . b.filename . blank)
implicit real*8(a-h.m.o-z)

character*15 filename.blank
write(0,102)

102 format(/./." enter the name of output file ')
read{5.103 end=109)}filename
if(filename.eq.blank)goto 109
write(0.101)

101 format(’ enter P, M, De, Ds, DELRHO. TEMP.")
read(5.*)p.m.de.ds.delro.t

103 formai(al5)
s=ds/de

ha((C(UC{({((((-1.46968303d+02*% +4.51063013d+02)%s
& - 2.32103942d+02)*s - 4.42314089d+02)*s + 1.12175064d+02)*s
& + 8.23597542d+02)*s - 2.82705556d+02)%s - 1.10855392d+03)*s
& + 1.155840257d+03)%s - 1.21414986d+02)*s - 4.62509224d+02)%s
& + 3.50813741d+02)*s - 1.18301201d+02)*s + 2.02196936d+01)s
& -1.39155241d+00

h=h/s**4

g=980.440

beta=-dexp(-6.70905 + 15.3002%s - 16.4479%(s**2)



119
120
122
124
126
128
130
132
134
136
138
140
142
144
146

109

& +9.92425%s*(s**2) - 2.58503%(5**2)*(5**2))
gamai=delro®*g*((de/m)**2)*h
e=~((de/m)**2)
c=(2%gamai)/(delro®g)
b=dsqri((dabs(beta)*c)/2)
write(6.119)filename
format(/./” NAME OF FILE = " 515)
write(6,120)p
formai(/" PHOTO # ="110.6)
write(6.122)m
format{’ MAGNITUDE =".{9.5)
write(6,124)de
format(’ De =".{8.4)
write(6.126)ds
format(" Ds =".18.4)
write(6.128)s
formai(' S =".f10.6)
write(6.130)h
format(’ 1/H =" f10.6)
write(6.132)t
format(" TEMPERATURE ='f6.2)
write(6,134)delro
format(" DENSITY DIFFERENCE ='.{9.5)
write(6.136)g
formail{" G =" f6.2)
write(6.138)e
format(’ (De/M)**2 =" f10.6)
write(6,140)gamai
format(’ TENSION ='.1pel12.5)
write(6.142)c
format(' CAPILLARY CONSTANT ='{10.6)
write(6,144)beta
format(' BETA =".{10.6)
write(6,146)b
format({" RADIUS b =" f10.6)
return
filename=blank
return
end

subroutine order{x.y.kcount.filename)
implicit real*8{a-h.m.o-2)
dimension x(1500),y(1500)
character*15 filename
kct=kcounti/2

do 9 kk=1kect
attemptx=x(kk}
attemply=y(kk)
x(kk)=x(kcount+1-kk)
y(kk)}=y(kcount+1-kk)
x(kcount+1-kk)=attemptx
y(kcount+1-kk J=attempty
continue

do 10 kk =1 kcount

155



10

y{kcount + kk)= y(kcount-kk)
x(kcount + kk)= -x(kcount-kk)}
continue
n2= 2*kcount - 1
open(1.file=filename)
write(1,3)(x(i}.y(i).i=1,n2)
format(1x.1pe16.8,.1x.¢16.8)
close(1)}
return
end
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APPENDIX E

OPTIMIZATION PROGRAM TO CALCULATE
THE INTERFACIAL TENSION AND VISCOSITY
FOR THE LIGHT SCATTERING METHOD

size of array x(400.3) was changed to x(400.1) 10 save space
on 6/22/84
channel 19.18,17.16 are being used at the present 6/15/84

¢main  main - calling program for nonlinear jeast squares fit.

[
C
c
[
<
C
c

26

27

29

30

main program for utilizing the nonlinear least squares fitting
procedure from bell labs. this program will read in the data and
relevant program constants. determine the appropriate slatistical
constants ff and t. call nllsq. and determine the nonlinear
condidence limits with phi minimized if final printoul option
narray(6) =3, narray(3) contains the # of parameters and b(2)
contains the value of the parameters

double precision a.sa

character*15 filnam,blank fitfil

character*l ians.clbt.chkopeni16

common/bik1/b(20),p(20),re.n.m .k

common/blk2/a( 40,20).sa(20) k2.ik

common/blk4/al.delta e.fl gamcr.t.1au,ze1a. phise,phicr

common/sblk1/1emp.nf21.kend .chkopenlé cibt

common/sblk2/fitfil filnam.blank

dimension x(400.1).y(400).narrav{8)array(8).res(400).ib(20)

character*4 ichadum(16).ichary(2060)

dimension idum(16).iv(2060) bres(20) .sdb{20,4)

equivalence (idum(1).ichadum(1)),(iy(1).ichary(1))

dala blank/’ "/ kend 7999/

data ichadum "0','1",2°'3/4''5'.6',7° '8 /9 'a".'b’,
1 erd ety

cntfig=0

write{6.26)

format( " write the number of parameters (1/2): ".$)

read(5.*)narri

write(6,27 )narri

format(i3)

write(6,29)

format(/" printout of selected data points (y/n); '.$)

read(5.*)ians

write(6,30)ians

format(a2)

if(ians.ne.’y Yians="n’

narri=narri+2

ikk=0

if(narri.ne.3)narri=4

call redat1(clbt,ichn3.ikk.cnifig)



32

36

44

31

55

58
56

57

60

66
67

69
70
71

continue
goto 36
narray(3)=narri
narray(2)=1
narray(4)=0
narray(5)=0
narray{(6)=0

the narray(7) stores the output channel 6

narray(7)=ikk
narray(8)=30

do 44 =18

array(j)=0.0

m=narray(2)

k=narray(3)

ip=narray(4)
ik=narray(7)

iflag=0

do 31 i=1k

ib{(i)=0
if(narray(6).ne.3)goto 55
narray(6)=2

iflag=1

continue

call redat2(filnam.blank)
if(filnam.ne.blank )goto 57
write(6.56)

format()

if (chkopen16.eq.'y Jclose{16)
stop

open(19.file=filnam)
rewind 19
read(19.60)ichary(j). j=1.2050)
format{70al)

close(19)

do 71 j=1.2050

do 67 k=1,16

if (isign(iy(j).idum(k)).ne.iy(j))goto 66

if(iy(j)-idum(k ))66,70.66
continue

continue

write(6.69);

format(' error’.i5)
iy(j)=k-1

conlinue

do 90 j=50, 2045. 5
ichar=iy{j+1)*4
temp=0.1+float(iy(j+2))/4.0
nempl=int{temp)
itemp2=iy{j+2)-4*itempl
ichar=ichar+itempl
if(ichar.gt.31)ichar=ichar-64
char=2.0**ichar
itlemp2=itemp2*128
itemp2=8*iy(j+3)+itemp2
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temp=float(iy(j+4))/2.0+0.1
itemp3=int(1emp)
ilemp2=itemp2+itemp3
if(itemps2.g1.255)itemp2=itemp2-512
amant=float{itemp2)/256.0
k=int(flcat{j)/5.0-8.9}
if(iy(j+5).eq.4)goto 90
write(6.69)j
920 y(k)=amant*char
j=0
temp=0.1+foat(iy(7))/4.0
itempl=int{temp)
itemp2=iy(7)-4*itempl
itempl=itempl+4*mod(iy(6),2)
if(itemp2.eq.0)freg=1.0
if(itemp2.eq.1 )freq=2.0
if(itemp2.eq.2)freq=5.0
if(itemp2.eq.3}write(6.69)j
freq=freq*(10.0**itempl)
irange=int(freq)
call redat3(irange.nstart.nstop.ichn3)
narray(1)=nsiop-nstart+1
n=narray(1)
nf2l=n
do 108 j=1.n
108 y(j)=y(nstart+j-1)
yminpw=9.0e20
ymaxpw={(
do 117 j=1,n
x(j.1)=float(nslari+j-1)*{req/400.0
yminpw=aminl(yminpw.y(i))
if(ymaxpw.ge.y{j))goto 117
ymaxpw=y(j)
xmaxpw=x(j,1)
ind=j
ichnn=nstart+j-1
117 continue
write(ik.119)xmaxpw.ymaxpw.ichnn
119 format(/." peak freq.= ".{8.2.3x,'max.power= ".1pe14.7.3x,
1 ‘channel #= "0pi4)
b{1)=ymaxpw
b(2)=99.9¢30
b(4)=99.9¢30
b(3)=ymaxpw-yminpw
call scaitr{xmaxpw . power.b{4).6(2).x.ind)
if(filnam.eg.blank )goto 58
¢ compute statistical constanis fl and t
df 1=narray(3)-narrav(4)
df2=narray(1)-narray(3}+narray(4)
if(array{4).ne.0.0)go10 135
array(4)=gfdis(.6826.df1,d2)
135 if(array(6).ne.0.0)goto 138
array(6)=qidis(.8413,412)
¢ call nllsq htting procedure



138

call nllsq(y.x.b.res.narray array.ib)

¢ final printout

142

152

163
164

168

170

c
cl8)

<
185

188

193

195

ip=4

write(ik,142)

format{/’ -----------fina} values-——---—--=--")
rphi=phi/{n-k+ip)
dev=0.0

filnam="eap.dat’

call redat4(filnam.ichn5)
ffil="fit dat’

cal! redat4(fitfil.ichn5)
open( 18 file=filnam)
open(17 file=fitfil)

do 164 i=l.n

call model(f.y x.res.i.jp)
if(filnam.eq.blank )goto 58
xx=100.0*(y(i)-1)/f
dev=dev+xx*xx
ax=float(i+nstart-1)
write(18,163)x(i.1).y(i)
write(17.163)x(i.1) f
format(2(1x.e13.5))
continue

close(18)

close(17)
dev=sqri{dev/n)
write(ik,17Q)rphi.dev

format(/" reduced chi squared="112.7.5x.'rms % deviation="f11.6)

kend=2

call scatir(free,power,b{4),b{2) x.ind)
if(filnam.eq.blank Jgoro 58

kend=0

xmin=x(1.1)

xmax=x{n.1)

write{6,183)

format(/" do you wish a printout for selected
& daia points? (y/d)’)

read(5,185)ians
format{al)
if(ians.ne.'y )goto 204
write{6,188)

formai(/,” every'.5h n'th.’ data point will be printed. n="3$)

read(5.*)hold
itemp=ifix( hold)
write(ikk ,*itemp
write(ik.193)

formai(/,10x. residual=(data-fi1)*sqrt{ weight)'./)

write(ik, 195)

format(/ 3x.'i".7x,'x(i.1)".10x ., 'x(i.2) .10x,'x{i.3),
& 10x.data (1) ,10x,"At(i)".7x . residualli)’ Sx,
& "100(d-f)/f"}

nk=0
do 202 i=1.,n.itemp
call model({.y .x.res.i.jp)

160



202
203
204

<

211

213

217

220
221

224

230

241
243

245

if(filnam.eq.blank )goto 58

xx=100.0*(y(i)-1)/1
write(ik.203)i,%(i.1).x(i.2).x{1.3).v(i).f.re.xx
format(1x.i3.1p7e16.5)

continue

if(iflag.ne.1)goto 260

determination of nonlinear confidence limits with phi minimized

narray(4)=narray(4)+1
ip=narray(4)
if(ip.ne.k)goto 213
write(ik,211)
format(//.2x,'no further confidence limits possible’)
goto 260

continue

do 220 i=1k

do 217 j=1.ip
if(iv(j).eq.i)gote 220
continue

iblip)=i

goto 221

conlinue

narray(5)=0
narray(6)=-1

do 224 j=1.k
bres(j)=b(j)
ihold=ib{ip)
ste=sa(ihold)*se
fkw=k-ip+1
hjid=sqri{ff*fkw)*ste
eps2=hjtd/2.0
write(ik.231)ib(ip)
format({//.2x.'nonlinear confidence limits. phi minimized’,

& //.2x.parameter 10 be incremented =',i4.//,2x,5h para.bx,
& B8h lower b.8x.10h lower phi.10x.8h upper b.8x.10h upper phi)

do 259 1=1.4
blihold)=bres(ihold)}+eps2

do 245 la=1.3.2

call nllsq{y.x.b,res.narray.array.ib)
do 241 lb=1k
sdb(lb.la)=bl1b)
sdb(1b.la+1)=phi

conlinue

do 243 lc=1.k

b{1c)=bres{ i)
blihold)=bres(ihold)-eps2
continue

eps2=eps2+hijid/2.0

do 255 i=1 .k
if(sdbli.1).1e.sdt(i.3))goto 255
save=sdbl(i,1)
sdb(i.1)wsdb(i,3)
sdb(i.3)=save

save=sdb(i.2)
sdbt{i,2)=sdb(i.4)

161
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sdb(i,4)=save
255 contlinue
do 257 j=1.k
257 write(ik.258)j.(sdb(j.i). i=1.4)
258 format(4x.i3.1p4e18.5)

259 continue

260 continue
write(6,262)

262 format(’ -------oe e e 0T
goto 32
end

¢ computation of the statistical constants ff and t
function qfdis(prob.df1.df2)
external {dens
common/blké6/vi wf bf
bf=bfeta(df1/2.0.df2/2.0)
qf=1.0
pfold=0.99
a=0.0
vi=df1
wi=df2
del=0.001
a0ld=0.0
n=1000
eps1=0.0005
eps2=1.0

281 area=sfimps(a.qf.n.fdens)
pf=aold+area
if(pf-prob.gt.eps1)goto 287
if (prob-pf.gt.eps1)goto 293
gqfdis=qf
return

287 if(pfold.lt.prob)eps2=eps2/2.0
qf=qf-eps2
n={qf-a}/del
if(n.11.10)n=10
pfold=pf
goto 281

293 if(pfold.gt.probleps2 =eps2/2.0
a=qf
aold=pf
gf=qf{ +eps2
n=(qf-a)/de)
if(n.11.10)n=10
plold=pf
golo 281
end
function fdens(x)
common/blk6/vf wi bf
if (x.16.0.0)goto 314
vh=v{/2.0
wh=wf/2.()
re=vi/wf
fdens=(r**vh)/bf



314

326

e=(vf-2.0)/2.0

fdens=fdens*( x**e)
e={vi+w()/2.0
fdens=fdens/{{1.0+r"x)%%¢)
return

fdens=0.0

return

end

function sfimps(a.b.n.f)
external f

twoh=(b-a)/n

h=twoh/2.0

sumf1=0.0

sumf2=0.0

do 326 k=1.n
x=a+float(k-1)*twoh
sumf1=sumfl+f(x)
sumf2=sumf2+f(x+h)
continue
sfimps=(2.0*sumf1+4.0*sumf2+f(b))*h/3.0
return

end

function bfeta(vl,v2)
nurmb= 1000

astart=0.0

bend=1.0
twohb=(bend-astart)/numb
hinc=twohb/2.0

sume=0.0

summ={.0

ul=vi

ul=v2-1.0

do 350 ldo=1.numb
varl=astart+float{ldo-1)*twohb
var2=varl+hing
eta=(1.0-var1)**u2
eta=e1a*(varl1**ul)
sume=sume-+eta
eta=(1.0-var2)**u2
eta=eta*( var2**ul)

¢ —-----—--— k --- 6/13/83 included.

350
sl

if (eta.11.3.0e-37)goto 351
summ=summ-+eia
bfeta=(2.0*sume+4.0*summ )*hinc/3.0
bfeta=bfeta®*(v1+v2)/v1
return

end

function qtdis(oma.df2)
common/blk7/vt.1b
external tdens
prob=1.0-2.0*(1.0-oma)
qt=1.0

plold=0.99

a=0.0
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vimdf2

368

373

77

397

c¢model

eps1=0.0005
eps2=0.2
n=100
tb=bteta(d2/2.0)
1b=tb*0.56 41896/sqr1(df2)
pt=2.0*stimps(a.qt.n tdens)
if(pt-prob.gt.epst)goto 373
if(prob-pt.gl.epsi)goto 377
qidis=qt
return
if(ptold.lt.prob)leps2=eps2/2.0
qt=qt-eps2
ptold=pt
goto 368
if(prold.gt.probleps2=eps2/2.0
qi=qt+eps2
ptold=pt
goto 368
end
function tdens(z)
common/blk7/vi.tb
h2ev1/2.0+0.5
tdens=1b/((1.0+2%z/v1)**h2)
return
end
function stimps{(a.b.n.{)
external
twoh=(b-a)/n
h=twoh/2.0
sumt]=0.0
sumt2=0.0
do 397 k=1.n
x=a+float(k-1)}*1woh
sumtl=sumt1+f(x)}
sumi2=sumt2+f(x+h)
continue
stimps=(2.0*sumt1+4.0*sumt2-f(a)+f(b))*h/3.0
return
end
function bteta(arg)
bteta=0.6065307*sqr1(arg)
bleta=bieta*(((arg+0.5)/arg**arg)
bleta=alog(bteta)-1.0/(24 O*arg*arg+12.0%arg)
bieta=explbteta)
return
end

model - compules value of the function and its partials
subroutine model(f.y x.res.i.jp)
common/blk1/b{20},p(20).re,n.m k
common/moedonly/pw(400.10).strb4(10).5trb2(10),indcim.nc)
dimension v(1).x(400,1) res(1)
dimension pw(400,10) strb4(10),5trb2(10)

¢ determine appropriate weight of i'th data point
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¢ weight is equal to the inverse of the rms deviations in y(i)
sigma=0.03*y(i)}
wit=1.0/sigma
¢ compute the function
omega=x(i.1)
do 400 kp=1.ncl
if(sirb2(kp).eq.b(2).and.strb4{kp).eq.b(4))goto 420
400 continue
call scattr(omega.power,b(4).6(2).x.i)

kp=indclm
420 continue
f=b(1)*pw(i.kp)+b(3)
ck f=b(1)*power+b(3)

¢ compute the weighted residual

422 re={y(i)-f)*w1

c if (b(4).11.0.0)re=re*(1.0-b(4)+b(4)*b(4))
go10(428.427.428 .430),jp

¢ return jp=3 and the weighted function

¢ {or computation of the partials by nllsq

427 ir=3

428 f=f%wt
return

430 res(i)=re
return
end

PROGRAM SUBROUTINE TO INITIALIZE THE APPROPRIATE

PARAMETERS AND TO CALL THE THEORETICAL POWER SPECTRUM OF

THE SCATTERED LIGHT.

e e
subroutine scattr(omega,power.b4.b2.x.indrow)
character*15 fitfil.filnam.blank card.an
character*! clbt.chkopenlb
dimension wt(400).x(400.1).pw(400.10) strb4(10),strb2(10)
common/pass/ichn]
common/sblk]/temp.nint.kend.chkopen16,cibt
common/sblk2/fitfil filnam.blank
common/instr/ahwins.ndellq.istepq
common/modonly/pw(400,10).strb4(10),s1rb2(10).indclm.ncl
data ztwopi/6.2831853e0/.2/0.e0/ .istepq /1/,w1/400* 1.0/ ,ncl/10/

30 if(clbi.ne.’y .and kend.eq.2)goto 129
if(clbt.eq.'y .and kend.eq.2)goto 112
if(b4.11.99.9230.and.b2.11.99.9¢30)goto 61

C

c¢——---reading sequence is first line data filename ——--——--

c-----gecond line is Lemp.denl viscl.den2 visc2 interf. tension. ] #-—----
¢---- third line refractive index, incident angle. d value, | value --—--
c-—-- (see below in subroutine qvalue for better definition) ---

¢

c ichnl refers to the output channe) 6, the same channel as nnlsg
¢ and the main program output channel
¢ record.dat is a file which outputs in channel 1
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€ —mmem—mmm e initialization procedure -
write{ichn},15)
call system ("date")
write(ichnl.15)

15 format(/./)
ichnS=5
write(ichnl,25)
25 format(/,” input values for:"./, temp., den.1, visc.1,

& den.2. visc.2, inter{acial tension and an './)
read(ichn5.*temp.den1.viscl.den2.visc2 tenson,an
write(ichnl.27)an.lemp.denl.visc1.den2,visc2.tenson

27 format(/" data #= ".a15./.3x. temperature= "£7.2,3x. density

& phase one= "{7.4,/ viscosity phase one= ",1pel1.4,3x,

& ‘density phase two= "0pf7.4,3x./." viscosity phase two= '

& 1pell.4.3x.tension= "ell1.4)
zscile=1.0e20
bd=visc2
b2=tenson
do 39 ii=1.10
sirbd(ii)=999999.0

39 sirb2(ii)=999999.0
nj=0
nk=0
icouni=0
an=filnam
if(clbl.eq. 't Indelig=0
irngeq=2*iabs(ndeltq)+1
In the initialization of the parameters:
If the second density is 0. The calculation assumes the conditions
at a critical point (where the kinematic viscosity nf both
phases are equal).
If the first density is 0. the calculation assumes an air-liquid
surface (assuming the kinematic viscosity of both phases are
equal and the upper phase viscosily is neglegible). the zero
eniries must be the first density and viscosity
the following conditions will result in an error in input data
for subroutine interf.
1  both densities have a 0.0
2 the second viscosily have 0.0
3 the first viscosily and the second density have 0.0
card='ok’
if(den2.eq.0.0)ard="crit’
if(denl.eq.0.0)card="air’
if(den2.eq.z.and.den.eq.z)card="error’
if{visc2.eq.zXcard="error’
if(den2.eq.z.and.visc1.eq.z)card="error’
if(card.eq.’'error )write(6.,52 )den2 denl . visc2.viscl
52 format(/" the value of den2 is ".f6.4." of denl is ".f6.4.

& / of visc2 is ".f6.5, and of viscl is ".16.5)
call gvalue(centeq.ichnl.ichnS)
if((den2.le.z.and.denl le.z).or.visc2 le.z.or.(viscl.le.z.and.

& den2.le.z).or.tenson.le.z.or.centeq.le.z)goto 141

Lo T T T T o T - T o T T o R o N = T o T o]

C ~=we=---—- the instrumentational widith isb4 ——————-
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if(ahwins.ne.0.0.and.clbt.eq.’y Jbd=ahwins

goto 67
¢
N mmsmemmsse=en=  CONlinLALION Process it e e e
ck61 do 62 indclm=1.10
ck62 if(b4.eq.strb4(indclm).and.b2.eq.51rb2(indclm))goto107
c
L spectral linewidth calibration process --—---—-----
61 continue
if(clbt.ne."y )goto 70
ahwins=b4
tenson=b2
67 if(abwins.ne.0.0)hwins=ahwins
goto 72
C
< --- interfacial tension and viscosity optimization process —--
70 lenson=b2
visc2=b4
72 if(icount.eq.10)icount=0
icount=icount+1
strbd (icount)=b4
sirb2(icount )=b2
ind¢lm=icount
if(b4.ge.0.0.0r.b2.ge. 0.0)goto 74
power=1.0e12
do 73 kk=1 nint
pwikk.icount)=0.0
73 continue
return
74 if(clbt.eq.'t )goto 81
C
< --- the instrument function of the spectrum isa —-—-
< --- Jorentzian squared function ——
c -- ndeltq is the range of q values 1aken for calculation -——----
C -- cenlered al centeq.
do 80 in=1.irngeq.istepq
dql=floai(in-1-ndelig}
dql=abs(dgl)
wii=1.0/(dq1*dq1/{hwins*hwins)+1)}
wii=wii*witi
80 wilin)=wli*2scale
§1 conlinue
nk=nk+1
if(nk.ne.25)goto 86
nk=0
nj=nj+1
write(6.85)nj
85 format(2x.i3)}
56 continue

call interf(wi, pw.x.icount.irngeq.istepg.ndeliq.centeq.
& templ.tenson.denl den2 viscl,visc2,ichnl,yk.1au.card)
107 power=pw(indrow .indclm)
if(omega.ne.x(indrow.1))write(6.,109)omega. x{indrow.1)
109 format(’ frequency of ",1pel2.5." does not match ".e12.5. stop
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& the program ')
return
112 if(chkopenl6.eq.’y )goto 250
call ioinit(.false...false..true..” . false.)
open( 16 file= record.dat’)
chkopenlb6='y’
250 write(16,120)itfil.temp1.den1.visc].den2 visc2 tenson.centeq.
& bd.ndelig.x(1,1).x(nint.1).an
write(ichnl,120)fitfil,templ.denl,visc1.den2.visc2 tenson .centeq.
& b4.ndelrq.x(1.1).x(nint,1).an
zminwgl = wi(irngeg)/zscale * 100.0
write(ichn),119)yk. tau,clbt
write(ichnl.130)zminwgt
write{16,119)yk lau.clbt
write(16,130)zminwgt
119 forma1(3x'y value= ",e13.6.3x.'tau value= "¢13.6,3x'clbt= ",a1)
130 format(" percent of the lowest inst. weight contribut. = ".1pe13.6)
120 format(//1x.a15.3x.temp= ".f7.2.3x.'denl= "f7.43x, viscl= ',
& 1pe10.4./ den2= "0pf6.4. visc2= ",1pel1.4,3x. tension= "
& 1pell.43x./. q="0pf8.3.) instrument funclion = ".1pell 4,
& 'q spread= ".0pi3./. in1) freq.= ", 1pe10.4, final freq.= ",
& €10.4.2x. file= "215)
kend=0
return
129 if{(chkopen16.eq.’y Jgoto 260
call ioinit(.false.. false...true..” false.)
open(16 .file="record.dat’)
chkopenlé="y’
260 write(16,120)fitfil,templ.denl, visc1.den2,b4,b2 centeq.hwins,
& ndeliq.x(1,1).x(nint.1).an
write(ichnl.120)fitfil . templ.denl,viscl.den2 b4,b2 centeq.hwins.
& ndeltq.x(1.1).x(nint.1).an
write(ichnl,119) yk.tau.clbt
write(16.119)yk 1au.clbt
kend=0
return
141 write(ichnl,142)
142 format(/ error in the scattering subroutine input’)
filname=blank
return
end
Pl W SXEEEE SANEE SENEE RRNAE REEEXR BN EEN HNENNR
subroutine interf(wt.pw. x.icount.irngeq.istepq.ndeltq.centeq.
& t.tenson.denup.denlr,viscup.visclr.ichnl realy tau.card)
character*] chkopenl6.clbt
character*S card
dimension wt(1).pw(400.1)},x(400.1)
common/sblk1/temp.nint.kend.chkopen16 .clbt
complex y.s.am.amucoefl1l.coefl2.slterm
compiex s2term.ds.one
double precision ztwopi,boliz
data ztwopi/6.2831853071795940/.boltz/1.38066d-16/.2/0.e0/
data zpi’3.141592/
if(card.eq.’crit’ )denlr=denup/viscup®*visclr
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if(card.eq.’air’ Jviscup=visclr*1.0e-15
if(card.eq.’air Jdenup=den!r*1.0e-15
t=temp+273.16
£=980.0
sumden=({denup+denir)
sumvis=( viscup+visclr)
one=cmplx(1.0.0.0)
r=(visclr/denlr - viscup/denup)/(sumvis/sumden)
an=2*sumden/(sumden+r*denup)
anu=2.0*sumden/(sumden-r*denlr)
an2=(denlr**2-denup**2+2*r*denlir*denup)/(sumden**2)
¢ &&&EEEELE &&4&6&&&
fmax=0.0
pmax=0.0
pmin=1e30
aq=0
60 do 100 irow=1 nint
w=ztwopi*x(irow.1)
p2~0
¢ aq must be zero if clbt= "t" or theoretical calculation only without
¢ instrument function.
do 99 in=1.irngeq.istepq
ag=float(in-1-ndelq)
g=centeg+aq
¢ Theoretical equation follows from here.
alphag=tenson+abs(denlr-denup)*g/(q*q)
tau=sumden/{2*sumvis*q*q)
realy~alphag®*sumden/(4*sumvis*sumvis*q)
y=cmplx(realy,0.0)
reals=-1*w*1au
s=cmplx(0.0.reals)
am=cmplx(1.0.an*reals)

am=csqri(am)

ck write(6.70)am

ck70 format(" sgrt of am= ".1pe12.53x.1pe12.5)
amu=cmplx(1.0.anu®reals)
amu=csqrt(amu)

ck write(6.76 )amu

ck76 format(’ sqrt amu= ",¢12.5,2x.12.5)

coefl 1 =(visclr*(am-one)-viscup*(amu-one))
coeff 1=coeff1/(visclr*(am+one)+viscup*(amu+one) )
slierm=an2*coefl 1%s
coeff 1=visclr*(am®*am+one)+viscup*{am-one+amu*(am+one))
coefl 1=denlir*coefl 1/{am-one)
coefl 2=viscup*{amu*amu+1)+viscir*(amu-one+am*(amu+one))
coeff2=denup*coefl2/(amu-cone)
coefl 2=(coeff 2+coefl 1)/sumden
coeff 2=coeff2/( visclr*(am+one)+viscup*(amu+one) )
s2term=coeff2*s"s
ds=y+slterm+s2term
tests~cabs{ds)
if(1ests.ge.1.d-30)goto 80
write(ichn],381)
k2.3 format(’ error imaginary absolute value 1oo small, power=0")



omega=w/zlwopi
write(ichnl, 384 Jomega

384 format(’ frequency=",1pe14.7.4x. power(w)=0")
pwi{irow.icount)=0.0
goto 60

80 ds=1/ds
zim=aimag(ds)

< coeff I=realy*boliz*

c coeff 3=coeff 3/(alphaq*q*q*zpi*w)
coeff 3=realy/(alphaq*q*q*zpi®w)
pp~coeff 3*zim

p2=p2+wilin)*pp

99 continue

pw(irow.icount)=p2
pmin=aminl(pmin.p2}
pmax=amax1(pmax.p2)

ck if(pmax.gt.p2)fmax=x(irow.1)

100 continue
deltap=pmax-pmin
do 106 nn=1.nint
pw(nn.icount)=(pw{nn.icount)-pmin)/deltap

106 continue
return
end

€ CEC mmmmm mm=mm mmmmm e e e e
€ €CC —m=== —=mmm mmmm —mmm em el el s
¢ the equation for q is g*q = k*k[sin(refltd angle)**2 + sin(scatt
¢ angle)**2 - 2sin{refitd angle)*sin{scatt angle)*cos(phi)]
ck To avoid numerical roundoff error the determination of
ck q wavevector is done in double precision form 8/30/84
subroutine gvalue(centeq.ichnl,ichn3)
implicit real*8 (z)
equivalence (centeql .zcenteq)
data zpi/3.14159265358979/

¢k - wavelength of an helium-neon laser incm ------
zwavel= 6.328d-5
zphi=0.0d0
write{ichn,172)

172 formai(/. refr. angle dist length q°)

174 read(ichn5.*)zrefr zangle.2d.zal

zainang=(zangle)*zpi/180.0d0

za=sin( zainang)/zrefr

zreangl=asin(za)

zthetaO=2zpi/2.0 - zreang!
ck For values of q the reading sequence is refr=refractive index.
ck angle= angle of incident of the reflected beam
¢k normal to the cel) wall in the air
¢k medium, d= distance from the pinhole to the
ck center of the beam. al=distance from the cell 1o the phototube.
¢k distance d measured from the reflecied beam 1oward the normal
ck of the refle.ted plane is taken as a posilive distance.
ck That from the reflected beam to the incident plane is
ck tlaken as negative distance. 8-12/84

zc=-2zd/zal

170
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zdiheta= zc*cos(zainang)/(zrefr*cos(zreangl)}
zvectrl=2.0%zpi*zrefr/zwavel
zsangle=zthetaO+zdtheta
zascat=sin(zsangle)*sin(zsangle)
zrefict=sin(ztheta0)*sin(ztheta0)
zaph=2.0*sin{zsangle)*sin(zthe1a0)*cos{zphi)
zcenteq=zvectrl®zvectri*(zascat+zrefici-zaph)
zcenleg=sqrt(zcenteq)
centeq = cenleql
write(ichn1,192) zrefr.zangle.zd.zal.centeq
192 format(1x.f6.4.2x.16.3,2x.16.3,2x.f7.3,2x.7.3)
return
end
¢ $53353 SS55SS $3853 $35555 3388888
subroutine redati{clbt.ichn5.ikk.cntfig)
common/pass/ichnl
character*1l cibt
if(cntfig.ne.0)goto 270

cntflg=cnifig+1
ichnl=ikk
ichnS=3
264 write(6.265)
265 format(/ calibrating spectrum (y/n/1). '.$)

257 read(ichn5.267)clbt
267 format(al)
if(clbt.eq.” "Jclbt="n’
write(ichnl.271) clbt
27 format(al)
if(clbl.eq.'y .or.clbt.eq.'n" or.clbl.eq.'t )goto 270
258 write(6.259)cln
259 format(’ the calibration spectrum(y/n/1) was ".a2,
& " type the correct symbol ".§)
goto 257
270 continue
call instpar{ichnS.clbt)
reiurn
end
¢ WERRLEEE $33538888 &£ & &&&& T NN
c if the calculation is theoretical ndeltq=~0 and ahwins=1
subroutine instpar(ichn5.clbt}
common/pass/ichnl
common /instr/abwins.ndeltq.istepq
character®] clb
ns=0
write(6,200)
200 format(/’ type spread of q value and instrumental widih: )
read(ichn5.*)adq.ahwins
if(clbt.ne.’t")goto 190
ahwins=1.0
ndelig={}
write(ichnl,210)ndeliq.ahwins
return
190 ndelig=ifix(adq)
wrile(ichnl,210)ndeltq.ahwins



210 format(2x.i5.4x,17.2)
209 if(mod(ndeliq.istepg).eq.0)goto 213
ndelig=ndelig+1
ns=}1
goto 209
213 if (ns.eq.1)write(ichnl 214)istepq .ndeltq
214 format(/’ q spread has to be multiple of ".i3." selecied spread
& is.i4)
return
end
¢ FHEEENEN $35588888 & & &&&E T 1N
subroutine redat2(filnam,blank)
common/pass/ichnl
character*15 filnam,blank
ichnS$=$5
write(6.245)
245 format(//,” write the file name for the data pts: .§)
read(ichn3.238 end=242 )filnam
238 format(als)
239 write(ichnl,240)filnam
240 format(3x.a15)

241 return

242 filnam=~blank
reiurn
end

¢ %%F % TTTo% % %FPTTT ToTTHTeT %% %To%o%FoT% T
subroutine redat3{irange.nstartc.nstopc.ichn5)
common /pass/ichnl
character®1 slctn
write{ichnl 285 Jirange

285 format(/." range of the spectrum is ".i6)
write(ichn],287)

287 format(’ type starting and last {requency: "3}

<

¢ ®*** npstartc and stiep are the minima and maxima frequency or channels
¢ **** slcin is given a value of ¢ if it refers 1o channels default are
c **** fregquencies
297 read(ichn5.*)start.sttop
write(ichn].298 )start.stlop
298 format(2x.£10.2.4x.f10.2)
slctn="n’
299 if (slctn.ne.'c’Instaric=ifix(start*400/irange)
if (slctn.ne. ¢ Instopc=ifix(sttop*400/irange)
if(slctn.ne. ¢ Ywrite(ichnl . 302 Instartc,.nstope

302 formai(" starting channel = ",i5," last channel= ".i5)
31 return
end

c BEAAE ARAR SEEE BAARNE BRARBNERE

subroutine redat4(outfil.ichn$)
character*15 outfii
common/pass/ichn)
write(ichn!,317 Joutfil

17 format(/.” file name for "a15.2x.%)
read(ichn5.320)outfil
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write{ichn).321)outfil
320 format(al5)
321 format(2x.a15)
relurn
end

C CCC wmasmmm SSEm skss ENSS EFREIE EEERSESEEE GEESEN SAc 4SS SNSEER BRSNS GrSe ST

¢ &&&LLEELEL &858 E&LELEE &ELLLLE &8 &&EEL ££&&4& £4&8&LE
¢ this is a line by line description of the sequence of data
¢ that the program reads either from the terminal or from a file.
¢ line comment
number of parameters, 1 or 2, to be optimized
selected output on the terminal? y or n
calculation for calibration or with instrument
function or only theoretical equation without any
instrument function involve (y. n, 1)
spread of q value and the instrument half width value
name of the data file
range in frequency which the program will try to optimize
minimum frequency, maximum frequency
data needed for calculating the theoretical model these are:
temp. .den. 1, visc. 1, dens. 2, visc. 2, interf. tension,
and few characiers ( <15) for personal reference.
dala needed for the calculation of the ripplon’s wavevector these are
refractive indx.. measured angle from the horizontal in the
air, distance from the main beam to the pinhole in cm.,
distance from the cell to the photomultiplier in cm.
file name for the output of the experimental data.
10 file name for the output of the theoretical data.
10.1  if line 2, selected output. is typed y then a value
10.1 must be inserted here to determine the output
10.1  at each ith interval.
10 go back to line 4 and so on

the program ends when there in no other data file

(line 4) to be read. or it reads a blank.

el - R N R R . R R - T P

2 orl parameters
n ory selected output on terminal?
n or y or tinstrument function. calibration, theoretical (only)
50 16.61 spread of q values and instrument function, {sigma)
3pa7e21 input data file name
180 1700 range of frequency to be oplimized
23.0 .8573 007618 98044 .01660 2.5 pr3 data
1.4565 22.0 2.143 270.03 data
3pale2lb.exp exp output filename
IpaTe2lb.fit fit output filename
3pa7el2
195 1400
23.0 .8573 .007618 .98044 01666 2.5 pr3
1.4565 22.0 2.143 270.03
3paTe22b.exp
3paTe22b.fil end of execution
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APPENDIX F

NONLINEAR LEAST SQUARE FITTING PROGRAM
TO CALCULATE THE INTERFACIAL TENSION AND
VISCOSITY FOR THE LIGHT SCATTERING METHOD

cnllsq  nllsq - non linear least squares fitting program
subroutine nllsq{y.x.bb.res.narray.array.ibb)
nonlinear Jeast squares fitting algorithm by d w marquard
original program rewritten by w a burnette bil july 1967
narray contains program parameters array contains statistical
constants sei array equal to 0.for standard set of constants
maximum number of parameters is 20 this may be changed by
altering dimension statements and matrix storing statéements
double precision a.sa.db.g.bs
common/bik1/b(20).p(20) re.n.m.k
common/blk2/a(40,20).5a(20).k2.ik
common/blk3/bs(20).db(20}.g(20).k3
common/blk4/al.delia.e.ff.gamcr t,tau,zeta, phise.phicr
common/blk5/ib(20).ip
dimension y(1).x(1,1).res(1)
dimension bb(20).ibb(20)
dimension narray(8).array(8)
dimension const{8).sconst(8)
equivalence(const(1).al)
sconst(1)=0.1
sconst(2)=1.e-5
sconst(3)=5.¢-5
sconst(4)=4,
sconst(5)=45.
sconst{(6)=2.0
sconst{ 7)=0.001
sconst(8)=1.¢-31
n=narray(1)
m=narray(2)
k=narray(3)
k2=k
k3=k
ip=narray(4)
intp=narray(5)
if p=narray(6)
ik=narray(7)
kiter=narray(8)
if(kiter.eq.(-1))narray(8)=0
¢ which of the constants have been determined by user
do 477 j=1.8
if(arrayv(j).le.0.)goto 476
const(j)=array(j}
goto 477

Lo BN T - T T o I ]
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476 const{j)=sconst(j}
477 continue
if(kiter.le.0)kiter=30
if (ik.le.0)ik=6
480 if (if p.eq.(-1))goto 483
write(ik.706)
write(ik.679)n.k.m.delta.e.ff gamcr.i.tau,.zeta.al
483 do 486 j=1.k
bs( j)=bb(j)
b(j)=bbl{j)
486 ib( )=ibb(j)
call sumsq{phi,y.x.res)
1j=0
489 if(1j.ge kiter)goto 593
lj=1j+1
¢ begin ljth iteration
call newa(y,x.res)
493 if(al.lt..1d-07)goto 495
al=al/1.d+01
495 call scale
prhiold=phi
¢ Sstore matrix
do 501 i=1 .k
ji=i+20
do 501 j=1k
501 a(ii.j)=a(i.j)
call solve
503 do 504j=1.k
504 b{j)=bs(j)+db(j)
¢ compule gamma
500 dd=0.
dg=0.
2g=0.
do 513j=1.k
if(sa( j).eq.0.d+00)goto 513
gg=gg+e(j)*e(j)/(sa( j)*sa(j))
dd=dd+db( j)*dblj)*sa(j)*sa(j)
513 dg=dg+db(j)*g(j)
xl=sgri(dd)
if(dd*gg.g1.0.)goto 518
516 gamma={.
goto 521
518 cgam=dg/sqri{dd*gg)
ws=sqri{1.-cgam®*cgam)
gamma=57.2957795%a1an2( ws,cgam)
521 call sumsq(phi.y.x.res)
522 if(phi.le.phiold )goto 524
if(gzamma-gamcr)563.563.529
524 do 525j=1.k
525 bs(j)=b(;)
if(gamma.11.90.)goto 533
¢ gamma lambda test
528 if(al-1.4+00)533.589.589
329 al=al*1.d+01



call solve
goto 503
¢ epsilon test
533 call etest(1)
golo (575.536).]
¢ begin intermediate output routine
536 if(intp.eq.0)goto 489
write(ik .678)
write(ik ,683)1j.phi.al.(b{(j).j=1.k)
write(ik ,685)gamma.x1.(db(j).j=1.k)
if(in1p.eq.1)goto 489
call newa(y x.res)
¢ store mairix
do 546 i=1k
ii=i+20
do 546j=1.k
546 a(ii.j)=a{i.j)
call gjr(ms)
goto (549.489).ms
549 if(intp.eq.2)goto 552
write(ik.687)
call printl
552 call scale
write(ik,688)
call print2
¢ get matrix from storage
do 559 i=1.k
il=i+20
do 559j=1 .k
559 a(i.j)=alii.j)
if (1j.ge.kiter)goto 593
1j=1j+1
goto 493
563 do 565j=1 k
db(j)=db(j}/2.4+00
565 b(j)=bs(j)+db(;)
¢ gamma epsilon test
call erest(})
goto (579.569).1
569 call sumsq(phi.y.x.res)
if (phiold.l1.phi)goto 563
do 572j=1 k
572 bs{ j)=b(;j)
goto 336
¢ begin final printout routine
575 if(ifp.eq.(-1})goto 668
write(ik .678)
write(ik.689)
goto 597
579 if(ifp.eq.(-1))goto 582
write(ik.678)
write(ik ,690)

582 if(if p.ne.(-1).and.phiold.It.phi)write(ik.707)

if (phioid.ge.phi)goto 587
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phi=phicld
do 586j=1k

586 b(j)=bs(j)

587 if(ifp.eq.(-1))goto 668
goto 597

589 if(if p.eq.(-1))goto 668
write(ik.678)
write(ik.691)
golo 597

593 write(ik.678)
write(ik,692)
narray(8)=-1
if(if p.eq.(-1))goto 668

597 do 599j=1.k
bs{ j)=b(j)

599 bb{ j)=b( )
write(ik.683))j.phi.al . (b(j).j=1.k)
write(ik ,685)gamma.x1.(db(j).j=1.k)
call newa(y x.res)
if (if p.le.1)goto 618
do 607 i=1k
jimi+20
do 607j=1 .k

607 a(ii.))=ali.j)
write(ik .693)
call printl
call scale
write(ik .694)
call print2

¢ get matrix from storage
do 617 i=1k
ii=i+20
do 617j=1k

617 a(i.j)=alii.j)

618 call gjr(ms)}
goto (622.620).ms

620 write(ik,705)
goto 628

622 if(if p.eq.0)goto 625
write(ik.695)
call printl

625 call scale
write(ik,696)
call print2

628 if(if p.eq.0)goto 664
do 632 i=1,n

¢ residual array opiion satisfied here
call model(f,y.x.res.i 4)

632 continue

¢ one parameter support plane computations
fnkw=n-k+ip
if(fnkw.le.0.)golo 663
fkw=k-ip
se=sqri(phi/fnkw)
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write(ik.697)
do 654 i=1.k
¢ check for omitted parameters
if (ip.eq.0)goto 645

do 644j=1.ip
if(i.eq.ib(j))goro 653
644 continue
645 ste=sa{i)*se
hjtd=sqri(ffi*fkw)*ste

opl=bs(i)-ste*1

opu=bs(i)+ste*t

spl=bs(i)-hjtd

spu=bs(i)+hjud

write(ik,700)i s1e.opl.opu,spl.spu

goto 654
653 write(ik,701)i
654 conlinue

if(ifp.eq.1)goto 671
¢ nonlinear confidence region calculations
ws=fkw/fnkw
phicr=phi*(1.+ws*f)
write{ik.702)phicr
call confrg(y x.res)
if(if p.ge.0)write(ik.706)
return
663 write(ik,705)
664 if(if p.eq.0)goto 671
665 if(ifp.ge.0}write(ik.706)
return
¢ returning parameters with no output
668 do 669j=1 k
669 bb( j)=b{ j)
¢ residual array option with no output
671 =4
call model{f.y.x.res.1.))
goto (665.665.665,674).j
674 do 675i=2 n
675 call model{f.y.x.res.i.j)
if (if p.ge.0Ywrite(ik 706}

return
678 format(/51h XxXXXXXXAXXXXAXXXXAXXXIAXXXAXXXXXXXXXXXEXXXIIXEANDX/)
679 format{/.1x.20hno of data points is.i4.21h no of parameters is,

& i3,3x.30hno of independent variables is.i3//,1x.6hdelta=,1pel2.5,
& 5h e=el158.6h fI=1pel2.59h gamcr=1pel2.5./.1x.5h 1=,
& 1pel2.5.7h 1tau=1pel2.58h zeta=1pel2.5.6h al=1pei2.5)
683 format(1x,//,19h no of ilerations =.i3.//.1x Shphi = 1pel2 5 4x,
& B8hlambda =,1pel12.5.//,1x,10hparameters,/(1x.1p7e17.5/))
685 format(/.1x,7hgamma =,1pe12.5,4x.14hlength of db =, 1pe12.5//,1x,
& 20hdb correction vector/(1x.1p?el7.5/})

687 format(1x//.1x.11hptp inverse)

688 format(ix//.1x.24hcorrelation coefficients)

689 format(/.1x.27hconvergence by epsilon test)

690 format(/.1x.33hconvergence by gamma epsilon test)

691 format(/.1x.32hconvergence by gamma lambda test)



692
693
694
695
696
697

700
701
702

705

706
707

csumsq
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format{//.1x.10h force off)
format(1x//,1x,10bptp matrix)
format(1x//.,1x,28hptp correlation coefficients)
format(1x//.1x,11hptp inverse)
format(1x//.1x.34hparameter correlation coefficients)
format(1x//,12x.4h s1d.18x.15hone - parameter.22x,

& 13hsupport plane/2x.4hpara.7x Sherror.13x,
& Shlower,13x,5hupper.13x.5hlower,13x,
& Shupper)

format(2x,i3.1pSe18.5)
format(2x.i3.5x,23hparameter held constant)
format(1x//28h nonlinear confidence limits//15h phi critical =,

& 1pel2.5.//,5h para.6x.8h lower b.8x,10h lower phi.
& 10x,8h upper b,8x.10h upper phi)

format(/54h abbreviated output due to mathematical

& considerations)

format(//)
format(/.1x,49hcorrection vectlor for last iteration was not used)
end
computes sum of squares
subroutine sumsq(phi.y x.res}

¢ compules sum of squares

719

<newa

736

dimension y(1).x{1.1).res(1)
common/blk1/b(20).p(20).re,n.m k
double precision dphi.dre
dphi=0.d+00
do 719 i=1.n
call model(f.y.x.res.i.1)
dre=re
dphi=dphi+dre*dre
phi=dphi
return
end

newa - calculatles ptp matrix. a. and gradient vector, g.
subroutine newa(y x res)
dimension y(1),x(1.1),res(1)
double precision a.sa.db.g.bs
common/blk1/b(20),p(20),re.n.m.k
common/btk2/a(40,20)5a(20) k2 ik
common/blk3/bs{20).db(20}.g(20).k3
common/blk4/al delta,e.ff.gamcr.t.1au.zeta.phi.se.phicr
common/blk5/ib{(20).ip
do 736j=1.X
g(j)=0.d+00
p(j)=0.
do 736 i=1 k
a(j.i)=0.d+00
do 765 ii=1,n

¢ look for partials

=2

call model(f y.x.res.ii.j)
rd=re

do 761jj=1k

¢ check for omitied parameters



if(ip.gt.0)goto 755

745 goto (747.761.747).
¢ compute partials if necessary
747 ab=b( jj)
b{jj)=ab+delta*ab
_j-]
call model(fdel.y x.res.ii.j)
re=rd
plji}=(fdel-f)/(delta*ab)
b(jj)=ab
goto 761
755 do 757 i=1.ip
if(jj.eq.ib(i)Jgoto 759
7517 continue
goto 745
759 p(jj)=0.
¢ using partials at ith data point
761 g(jjdm=g(jj)+re*p(ijj)
do 764 i=1k
do 764j=i.k
764 ali.j=a(i.j)+p(i)*p(j)
765 continue
do 768 i=1k
do 768j=i.k
768 a(j.i)=ali.j)
¢ a(i.i)=1.0 for omitted parameter i
if(ip.eq.0)return
do 773 i=1.ip
do 7733=1 .k
773 if(j.eq.ib(i))a(j.j)=1.d+00
return
end
¢scale  subroutine scule

subroutine scale

¢ scales according to diagonal elements

786
787

794
795
796

double precision ws.a.sa
common/blk2/a(40.20) sa(20) k2.ik
k=k2

do 787 i=1k
if(a{i.i).gt.0.d- 00)goto 786
sa(i)=0.d+00

goto 787
sa(i)=dsqrt(a(i.i))
continue

do 796 i=1.k

do T95=1.

ws=sa(i}*sa(})
if(ws.g1.0.d+00)goto 794
a(i,j)=0.d+00

goto 795

a(i.j)=ali.j}/ws
a(j.i)=a(i,j)

a(i,i)=1.d+00

return
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end
csolve  solves (pip)(db)=(g) where pip is stored in a(i+20.j)
subroutine solve
¢ solves a set of linear equations in db determined by matrix
¢ aand vector g. uses subroutine gjr to invert matrix
double precision a.sa.db,g,bs
common/blk2/a(40,20),sa(20) k2.,ik
common/blk3/bs(20).db{ 20)}.2(20).k3
common/blk4/al.delta,e.ff ,gamcr.t.tau,zeta, phi.se.phicr
k=k2
1=1
¢ get matrix from storage
810 do 814 i=1 .k
iiwi+20
do 813j=1k
8§13 a(i.jl=alii.j)
814 a(i.i)=1.d+00+a}
815 call gjr(ms)
goto (817.827).ms
817 do 825 i=1.k
dbli)=0.d+00
if(sa(i).le.0.d+00)goto 825
do 823j=1 k
if(sa{j).le.0.d+00)goto 823
db(i)=a(i.j)*g(j)/sa(j)+dbli)
823 continue
dbli)=db(i)/sa(i)
825 continue
return
8§27 al=al*1.d+01
l=1+1
if(1.ge.6)stop
goto 810
end
celest  subroutine etesi
subroutine etest(ml)
double precision db.g.bs
common/blk1/6(20).p(20).re.n.m.k
common/blk3/bs(20).db(20).g(20).k3
common/blk4/al.delta.e.fl . gamcr.1.lau.zeta,phi.se phicr
eps=e
mi=1]
do 843 i=1 k
w=dabs(db(i))/(tau+abs(b(i}))
if (w.ge.eps)goto 845

843 conlinue
golo 846

845 mi=2

846 return
end

cgjr gjr - inverts a matrix in a(i,j), i=1,20,j=1,20
subroutine gjr(msing}

¢ gauss-jordan-rutishauser matrix inversion with double pivoting
double precision a.sa.eps.pivol.z,b.c
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common/blk2/a(40.20).5a(20) .k 2.ik
common/blk4/al.delta.e fl.gamcr,1.1au,zeta, phi se phicr
dimension p(20).q{20).6(20).c(20)
integerp.q
eps=zeta
n=k2
msing=1
do 897k=1.n
¢ determination of pivot element
pivot=0.d+00
do 868i=k .n
do 868j=k.n
if(dabs{a(i.j))-dabs(pivot))868.868.865
865 pivot=a(i.j)
p(k =i
q(k)=j
368 continue
if (dabs(pivot)-eps)915.915,871
¢ exchange of pivotal row with kth row
871 if(p(k).eq.k)goto 878
do 876j=1.n
I=p(k)
z=a().j)
a(l.j)}=a(k.j)
876 a(k,j)=z
¢ exchange of column
878 if(q(k).eq.k)goto 884
do 883 i=1.n
l=q(k)
z=a(i,l)
a(i,D=a(i k)
883 a(i k)=z

884 continue
¢ jordan step
do 894j=1.n

if(j.eq.k)goto 891
b(j)=-a(k.j). pivol
c(jI=aljk)
goto 893
891 b(j)=1.4+00/pivor
c(j)=1.d+00
893 a(k.j)=0.d+00
894 a(j.k)=0.d+00
do 897 i=1.n
do 897j=1.n
897 a(i.j)=ali.jl+c(i)*b(;)
¢ reordering the matrix
do 913m=1.n
k=n-m+1
if(p(k).eq.k)goto 907
do 906 i=1,n
l=p(k)
z=a(i.l)
a(i,l)=a(i k)
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906 alik)=z

907 if(q(k).eq.k)goto 913
do 912j=1.n
l=q(k)
z=a(l.j)

a(l,j)=a(k.j)
912 a(k.jl=z
913 continue
return
915 write(ik,916)p(k).q(k).pivor
916 format(/.20h singular matrix i=.i3,4h j=.i3.8bh pivol=16.8/)
msing=2
return
end
cprintl  subroutine printl
subroutine printl
¢ prints a k by k single precision mairix
double precision a.sa
common/blk2/a(40,20).sa(20).k2.ik
k=k2
=1
927 jj=7*1
11=3j-6
if(k.1t.11)goto 939
if(k.11.jj)goto 936
write(ik.940)11.jj
do 933 i=1.k
933 write(ik.941)(a(i,j).j=11.ij)

l=1+1
goto 927
936 write(ik.940)11.k
do 938 =1k
938 write(ik.941Xa(i.j).j=11.k)
9319 return
940 format(1x./.1x,7hcolumns.i4.9h through.i4)
941 format(1x.1p7e17.5)
end

cprint2  subroutine print2
subroutine print2
¢ prints a k by k (orrelation coeficient matrix
double precision a.sa
common/blk2/a( 40,20).sa(20).k2.ik
I1=1
k=k2
950 jj=13%1
1l=jj-12
if(k.1v.11)goto 962
if (k.1t_jj)goto 959
write(ik,963)11.jj
do 956 i=1k
956 write(ik 964 ) a(i.j).j=11.jj)
J=1+1
goto 950
959 write{ik.963)1).k
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do 961 i=1 k
961 write(ik, 964 )(a(i.j).j=11.k )}
962 return

963 format(1x./,1x.7hcolumns,.i4.9h through.id)

964 format(1x,13f9.4)
end

cconfrg confrg - non linear confidence region calculations
subroutine confrg(y.x.res)
dimension y(1).x(1.1).res(1)
double precision a,58,bs.db.g
common/blk1/b6(20).p(20).re,n.m k
common/blk2/a(40,20),sa(20) k2 ik
common/blk3/bs(20).db(20).g(20).k3
common/blk4/al.delta.e fl.gamcr,t,tau.zeta.phi.se.phicr
common/blk5/ib(20).ip
logicalnolo
do 1032 j=1k
nolo=_false.

¢ check for omitted parameters
if(ip.eq.0)goto 986
do 982 i=1,ip
if( j.eq.ib{i))goto 984

982 continue
goto 986

984 write(ik.1033}{
goto 1032

986 dds=-1.
987 d=~dds
dj=se*sa(j)
b(j)=bs(j)+d*dj
call sumsq(ph,y.x.res)
if(ph.1L.phicr)goto 997
992 d=d/2.
if(abs(d).le..001 )goto 1017
bl j)=bs(j)+d*dj
call sumsq(pph.y.x.res)
if (pph-phicr)1002,1002,992
997 d=d+dds
if(abs(d).ge.5.0)goto 1017
b(})=bs(j)+d*dj
call sumsq{pph.y.x.res)
if(pph.1t.phicr)goto 997
1002 q=1.-d
xk 1=phi/d+ph/q-pph/(d*q)
xk2=-phi*(1.+d)/d-ph*d/q+pph/(d®q)
xk3=phi-phicr
be=(-xk2+sqri{xk2**2-4 *xk1*xk3})/{2.*xk1)
if(dds.g1.0.)goto 1013
b(j)=bs(j)-be*dj
bl=b(;)
call sumsq(pl.y.x.res)
1011 dds=1.
goto 987
1013 b(j)=bs(j}+bctd)



bu=b{ j)
call sumsq(pu.y.x.res)
goto 1027
1017 if(dds.g1.0.)go10 1020
nolo=.1rue.
goto 1011
1020  if(nolo)goto 1025
¢ omitling upper limits
write(ik,1035)j.bl.p!
goto 1032
¢ omitting both
1025 write(ik.1037)j
goto 1032
1027  if(nolo)goto 1031
write(ik,1034)j,bl.pl .bu.pu
goto 1032
¢ omilling lower limiis
103 write(ik,1036)j.bu.pu
1032 b(j)=bs(j)
1033 format(2x.i3.5x,23hparameter held constant)
1034 format(2x,i3,1p4e18.5)
1035  format(2x,i3,1p2e18.5.11h not found)
1036 format(2x.i3.11b not found.25x.1p2e18.5)
1037 format(2x.i3.18x,11h not found)
return
end
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