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DROPLET FORMATION PHENOMENA IN DC ELECTRIC FIELDS 

R. A. Malinauskas* and C. H. Byers 

ABSTRACT 

A new method of photographing and analyzing data from 
pendant drops w a s  studied. This new method included using 
high-speed video equipment and a digitized analyzer to 
evaluate data in terms of the surface tensions of drops. 
Experimentation on pendant drops of two different systems, 
water-air and water-cyclohexane, was conducted in establishing 
this photographic technique. The most common method of 
evaluating pendant drops, as proposed by Andreas et al. 
[J. Phys. Chem. 4 2 ,  1001 (193811, was analyzed in helping to 
construct a new Gmputer program which solves for the actual 
Laplacian curve and surface tension of a surface by means of 
a curve-fitting regression analysis. The preliminary theory 
and applications described in this paper led to a recommenda- 
tion using the proposed analytical methods on extended experi- 
ments in this project on mass transfer of liquids and droplet 
formation phenomena as a function of imposed electric fields. 

1. INTRODUCTION 

The imposition of electric fields during the formation of droplets 

has a profound effect upon the formation parameters, droplet stability, 

and the subsequent mass transport characteristics of the fluid droplets. 

Experimental studies on the effects of electric field parameters when 

applied to basic fluid properties and droplet formation parameters were 

the objectives for this research project, with an ultimate goal of pro- 

posing a new theoretical analysis of droplet stability in electric 

fields. The usefulness of this project in realistic applications is 
to increase mass transfer during formation with the potential of 

modifying extraction devices to improve uniformity and droplet size 

during formation. 

operation of electrostatic printers. 

A major use of droplets in electric fields is in the 

*Current affiliation: Department of Engineering Physics, University of 
Tennessee, Knoxville, Tennessee 37916. 
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This  r e p o r t  d e s c r i b e s  t h e  fundamental  exper imenta l  and t h e o r e t i c a l  

work undertaken f o r  t h e  p r o j e c t .  The work cen te red  around s t u d i e s  i n  

b a s i c  d r o p l e t  format ion  p r o p e r t i e s ,  i nc lud ing :  ( 1 )  drop s i z e  and b a s i c  

geometry,  (2 )  c h a r a c t e r i s t i c s  of statde water drops  exposed t o  a i r  and 

l i q u i d  i n t e r f a c e s ,  ( 3 )  t h e  e s t ab l i shmen t  of 8 p r e c i s e  photographic  and 

measuring t echn ique ,  and ( 4 )  t h e  a l g o r i t h m i c  methods and na themat t ca l  

models u t i l i z e d  t o  ana lyze  t h e  exper imenta l  d a t a  and c o r r e l a t e  i t  with 

previous  l i t e r a t u r e  v a l u e s  on b a s i c  d r o p l e t  p r o p e r t i e s  and i n t e r f a c i a l  

phenomena. The o u t s t a n d i n g  f e a t u r e s  which made t h i s  p a r t i c u l a r  s t u d y  

unique i n  i ts  a p p l i c a t i o n s  were (1) t h e  u t i l i z a t i o n  of high-speed video 

equipment f o r  r a p i d  and a c c u r a t e  r eco rd ings  of d r o p l e t  s i z e  and shape 

f o r  d a t a  a n a l y s i s ,  and ( 2 )  t h e  use  and f u r t h e r  r e v i s i o n  of r e c e n t l y  

de r ived  computer programs t o  s o l v e  mathemat ica l ly  f o r  t h e  p r e c i s e  shape 

of s t a t i c  d r o p l e t s  and t h e i r  s u r f a c e  t ens ions .  

2. THEORY AND MATHEMATICAL MODELS FOR COMPUTER P R O G W E  

The p re l imina ry  theo ry  as t o  the  b a s i c  shape of a s u r f a c e  of ELuid 

was f i r s t  proposed by Young and Laplace i n  1805, expanded and expe r i -  

men ta l ly  suppor ted  by Bashfor th  and Adam i n  1883, and t ransformed 

i n t o  u n i v e r s a l l y  accepted  nomenclature  by Adamson i n  1960. * 
governing equa t ions  t a k e  i n t o  c o n s i d e r a t i o n  t h e  parameters  of a d r o p l e t  

( s i z e ,  shape ,  and d e n s i t y )  and d e f i n e  a measurable  p rope r ty  of t h e  

i n t e r f a c e  between two phases  known as s u r f a c e  f r e e  energy o r  Surface  

t ens ion .  The s t a b l e  e x i s t e n c e  of an i n t e r f a c e  occur s  when t h e  f r e e  

energy of format ion  of t h e  i n t e r f a c e  between the two phases  is  p o s i t i v e ,  

t h a t  i s ,  when t h e  two l i q u i d s  are immiscible  i n  each  o t h e r .  

These 

Sur face  t e n s i o n  ( y )  i s  expressed  i n  terms of energy pe r  u n i t  area 

o r  as a f o r c e  p e r  u n i t  Length; t h e r e f o r e ,  customary u n i t s  may be e i t h e r  

ergs/crn2 ( jou les /cm2)  o r  dynes/cm (newtons/m). I n  order t o  p r e c i s e l y  

examine d a t a  -In la ter  exper iments ,  t h e  s u r f a c e  t e n s i o n  of t w o  systems 

was analyzed  t o  ensu re  a r easonab le  photographic  t echn ique  w i t h  a mini- 

mum of e r r o r  s u i t a b l e  f o r  more complicated experiments .  Although t h e r e  

are s e v e r a l  g e n e r a l  s u r f a c e  t e n s i o n  measuring methods, t h e  pendant drop 



method was chosen to measure the surface tension of the static drops 
because: (1) it is based on the shape of the suspended drop, 

( 2 )  requires only small quantities of  liquid, and ( 3 )  is applicable to 
the experimentally difficult situation of using reactive materials for 

imposing an electric field on the forming droplets at the tip of a 
nozzle to analyze mass transfer and flow. 

The basic theory of surface tension and its measurement by the 

pendant drop method is as follows: consider the small section of an 

arbitrarily curved surface (Fig. 1) which is small enough that the two 

radii of curvature, R1 and R2, may be considered constant. 

earlier, surface tension units are energy per unit area and can be 

written as: Work/dA = y or Work = ydA, where dA is the area of the 

surface affected by the energy present and Work is the energy term. 

A s  mentioned 

Thus, we have the equation: 

Work = ydA . (1) 

If the inward surface of Fig. 1 is displaced a distance dz until it is 
at the outer surface, then the change in area will be 

AA = Final Area - Initial Area , 

The work done to form this extra amount of surface is then, 

Work = v(x d y  + y dx) . ( 3 )  

The pressure difference across the surface, AP, can also be incorporated 
into an energy-related equation. 

surface acts on the initial area (xy) and through the distance dz. 

Thus, by this method, the corresponding work is: 

This pressure difference across the 

Work = AP xy dz . ( 4 )  
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From a comparison of similar triangles in Fig. 1, we obtain: 

x/R1 = (x + dx)/(RI + dz), or dx = x dz/Rl ( 5 )  

and 

Since the surface is in mechanical equilibrium, the previously derived 

work terms (Eqs .  3 and 4 )  can be equated and substituting in Eqs. 5 and 6 

gives y (Ld2 + -) = AP xy dz. Canceling out like terms then gives 

the Laplacian equation of capillarity: 
R2 R1 

y ( k + & )  - A P .  (7) 

The first radius of curvature, R1, swings in the plane of the paper and 

thus can be simply expressed as the equation which governs the curvature 
o f  a line in analytical geometry terms: 

where yl and y’l are the first and second derivatives with respect t o  x. 

The second radius of curvature, R z ,  must be in the plane perpendicular 

to the first radius and can be seen in the plane of the paper in Fig. 2. 

By trigonometric considerations, 

and since 

- 1 = * =  tan 4 , tan 4 - , secz 0 = 1 + tan2 4 = 1 + (yl>2 , cos 4 dx 
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0 
Pig. 2. Drople t  s tandard  coordinate system. 
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then, 

Consider Eq. 7 again for the ease of a figure of revolution, 

such as a pendant drop. At the vertex of the drop, the two radii are 
equal and the equation becomes R1 = R2 = b at (x,y) = (0,Q) (see Fig. 2) ,  
where b = radius of curvature at the vertex. Then y (t + 
AP = 2y/b . Therefore, at y = 0 ,  AP = 2y/b, but at other values of RP, 

due to hydrostatic pressure, the change i n  AP = Apgy, where Ap i s  the 

density difference across the two interfaces, g is the gravitational 

constant, and y is the y-coordinate above the vertex origin: 

= R P ,  or 

Rearranging, 

l / ( R ~ / b )  + l/(x/sin +)b  = bpgyb/y + 2 . 
To nondimensionalize Eq. 12 ,  we define the parameter 6, where 

and incorporating t h i s  into Eq. 12 gives 

Assuming that b = 1 ,  i.e., taking b as the unit of length, we obtain 

the equation 

1/R1 + sin @/x = By + 2 
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S u b s t i t u t i n g  i n  Eq. 15 with t h e  a n a l y t i c a l  geometry terms f o r  the two 

r a d i i  of c u r v a t u r e  y i e l d s  

The boundary c o n d i t i o n s  a r e  x = 0, y = 0,  and y l / x  ;= 1 o r  y1 = x = * = 0. 
dx  

Equat ion 16 i s  a n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  of 

t h e  second order .  S ince  t h i s  e q u a t i o n  cannot be solved n n a l y t l c a l l y ,  

Bashfor th  and Mauls1 sugges ted  r e s o l u t i o n  of t h e  e q u a t i o n  by incrementa l  

series around t h e  s u r f a c e  of t h e  drops.  The Runge-Kutta s i n g l e - s t e p  

i n t e g r a t i o n  process  was invaked t o  do such a p r o g r e s s i o n  i n  t h e  f i r s t  

computer program, which i s  l i s t e d  €11 Appendix B as t h e  program RUNGE. 

A m o d i f i c a t i o n  of t h i s  tnethod, t h e  Runge-Kutta-Gill method, w a s  then 

u t i l i z e d  to reduce t h e  computation t i m e  and s t o r a g e  area needed by t h e  

many v a r i a b l e s  and t o  minimize round-off t r u n c a t i o n  e r r o r s  i n  t h e  calcu-  

l a t i o n s . 3  

as  program RKG, and chc! f i n a l  e x e c u t a b l e  program i s  program MAL. 

The o r i g i n a l  Runge-Kntta-Gill program l i s t i n g  i s  i n  Appendix B 

The f i n a l  program of t h i s  i n t e g r a t i v e  method, MAL, gave low e r r o r  

v a l u e s  t h a t  were h i g h l y  c o n s i s t e n t  w i t h  a c t u a l  d a t a  froin Hashforth and 

Adam’  t a b l e s ;  however, t h e  developed programs had a s t r i c t  l i m i t a t i o n  

i n  ustng Eq. 16 because i t  u s e s  a slope-dependent v a r i a b l e .  As can 

be seen from Fig. 3 ( a ) ,  i f  (x,y) i s  a p o i n t  on t h e  drop  sur€ace w i t h  a 
tangent  which c r o s s e s  t h e  x-axis  and forms an  angle 0 ,  t h e n  t h i s  a n g l e  

i s  t h e  s l o p e  of t h e  s u r f a c e  a t  p o i n t  (x,y) and t h a t  0 = s l o p e  = * = y1 

f o r  t h e  s u r f a c e .  As t h e  i n t e g r a t t v e  p r o c e s s  moves f u r t h e r  a long the 

d r o p  s u r f a c e  ( i . e . ,  i n  t h e  positive x d i r e c t i o n ) ,  t h e r e  w l l l  be a p o i n t  

an t h e  s u r f a c e  a t  90 d e g r e e s  which has a tangent  t h a t  approaches posi-  

t i v e  i n f i n i t y .  A s  we approach t h i s  p o i n t ,  t h e  computer capincity f o r  

numeric s t o r a g e  o v e r l o a d s ,  and t h e  program I s  t e rmina ted  by an  overf low 

e r r o r .  The program PASTPT w a s  desigried t o  be a b l e  t o  resume series 

i t e r a t i o n  a f t e r  t h i s  c r i t i c a l  overf low p o i n t  and t o  p l o t  a t o t a l  

d r o p l e t  p r o f i l e .  Its requi rements  s p e c i f y  t h a t  i t  be g iven  a s l o p e ,  

dx 
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x-coordinate, and y-coordinate after the overflow point which are as 

precise as the values calculated before the overflow, 

TO O V ~ ~ C O ~ W  t he  P ~ O ~ ~ N I I  of s lope  dependency ovek.flow in E q .  16, 

ae Bashforth and Adamej- pointed  out, you m u s t  use the arc length s [see 

Fig. 3(b) ]  of the pentlatit drop  8 8  the independent variable. We again 

recall Eq. 11, 

where R1 turns in the plane of the paper  and about the axis of symmetry 
(y-axis), b is the radius of curvature (Kl = R2 = b at the orIg. ln) ,  and 
Q is the turning angle measured between the tangent to the droplet 

Interface at the point (x,y) and the datum plane [Fig. 3 ( b ) ] .  Since 

R2 = x/sin r # 9  Eq. 11 then becomes 

and the governing equations €or using the arc length, s ,  as the 

independent var iab le  are: 

and by definition, 

x1 = dx/ds = cos Q 

1/R1 = d$/ds  = ($1 . 
Rearranging Eq. 17 gives 

Q 1  = d$/ds  = 2 / b  +- Apgy/y - sin (p/x 

for the following boundary conditions: 

x(0) = y(0) = Ip(0) = 8 , 
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which form a set of first-order differential equations with x, y, and 0 
as functions of the independent variable s. The final equation with x, 

y, and s dimensionless, 

x = x /b ,  y = y/b, s s / b  

yields 

Note that Eqs. 18 to 22 were proposed in varying degrees in references 

4 to 7. 

The difficulty in measuring the size parameter b in drops led to 

the dimensionless shape-determining parameter B ,  which was defined in 

Eq. 13 as B = -Apgb2/’, for pendant drops due to the original sign 

convention adopted by Rashforth and Adams.l 

directly and conveniently with any great accuracy, but as a shape deter- 

mining parameter it can be related to other variables that can be deter- 

mined more easily and more accurately. 

Beta cannot be measured 

Andreas, Hauser, and Tucker8 felt that the most conveniently 

measurable shape-dependent quantity is the ratio S = d,/d,, which is the 

ratio of the drop diameter ds measured a distance de from the vertex as 

seen in Fig. 3(a) to the equatorial diameter of a pendant drop (de). To 

remove the parameter b (radius of curvature at the origin) Ln the surface 
tension equation (Eq .  13), Andreas et al.8 defined a new quantity 

Rearranging Eq. 13 gives 

Tables for values of S versus 1/H were obtained by a numerical inte- 
gration procedure using some of the original Bashforth and Adamsl tables 

and based on the fundamental equation (Eq. 14) .  Fordham9 and StaufferlO 

expanded the S-versus-1/H tables, while retaining good accuracy, to 
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The computer programs SFIND and XNV.HFIND were w r i t t e n  t o  s o l v e  €or  

a l a r g e  amount of d a t a  q u i c k l y  and t o  i n t e r p o l a t e  through t h e  Fordham 

and S t a u f f e r  t a b l e s  f u r  t h e  proper  v a l u e s  of S and 1/H. The program 

GAMMA i n c o r p o r a t e d  both f i l e s  SPINU and 1NV.HPIND i n t o  a program t h a t  

would i n v a r i a b l y  i n t e r p o l a t e  bo g e t  t h e  proper  d e n s i t i e s  and a c c e p t a b l e  

v a l u e s  €or t h e  s u r f a c e  t e n s i o n s  and use them i n  s o l v i n g  Eq. 24 for  

t h e  experimental  s u r f a c e  t e n s i o n  and t h e  percent  error* The a c t u a l  

e r r o r  a n a l y s i s  i s  d i s c u s s e d  l a t e r ,  a long w i t h  t h e  exper imenta l  r e s u l t s .  

The b a s i c  t h e o r e t i c a l  a n a l y s i s ,  as a p p l i e d  t o  t h e  p r a c t i c a l  a s p e c t s  of 
t h e  experiments ,  computer programs, and calculat . ions,  i s  f u r t h e r  com- 

mented on i n  t h e  Discuss ion  s e c t i o n  (Sect. 5). 

3,  APPARATUS AND PROCEDURE 

The exper imenta l  equipment f o r  t h e  experiments  c e n t e r e d  around an 

8-in. (20  crn) Teflon-coated nozz le  w i t h  a s i n g l e  o r i f i c e  a t  its t i p .  

Exact measurements are noted i n  Fig.  4 ( a ) .  The n o z z l e  w a s  coa ted  w h t h  

Tef lon  t o  ensure  i t s  a p p l i c a t i o n  at  i t s  t i p  a s  R p o s i t i v e  e l e c t r o d e  

wh-8l.e s t i l l  being f u n c t i o n a l  in s t a t i c  drop experiments .  Although 

T e f l o n  acts as an e lec t r ica l  conduct ive  i n s u l a t o r ,  i t  w i l l  n o t  d i s s o l v e  

i n  any of t h e  organic. s o l v e n t s  u t t l i z e d  i n  t h e  experiments  and i s  non- 

w e t t i n g  i n  a l a r g e  number of systems. 

The nozz le  was suspended from an  upper s t a g e  and c e n t e r e d  i n  a 

3-in.-(7.6-cm-)diam g l a s s  c y l i n d e r  which had a p lane  glass r e c t a n g u l a r  

window p o s i t i o n e d  midway i n  i t  f o r  clear photographic  r e c o r d i n g s  of the 

n o z z l e  t i p  and t h e  formed drops.  I n  the  main viewing c y l i n d e r ,  a 

thermocouple e n t e r e d  through t h e  t o p  f o r  l i q u i d - l i q u i d  i n t e r f a c e  t e m -  

p e r a t u r e  r e a d i n g s  f o r  s t a t i c  drops.  A 0.125-411. inetal rod with a wire 

mesh s t a g e  a t  i t s  upper end e n t e r e d  through t h e  b o t t o m  s t a g e  of t h e  

c y l i n d e r .  This metal rod acts  as t h e  n e g a t i v e  e l -ec t rode  and ground f o r  

t h e  e lec t r ic  f i e l d  test;s wi th  t h i s  equipment. S ince  t h e  c a p a b i l i t y  

e x i s t e d  f o r  a maximum of 30 kV betng e s t a b l i s h e d  as a p o t e n t i a l  
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( a )  SINGLE -ORIFICE NOZZLE 

1 mm) 

in. (9. 

5 HOLES 
0.048 in. 

5 mm) 

QlAM ( 1  mm) 

( b )  5 - H O L E  NOZZLE 

Fig .  4. Nozzle configurations. 



between t h e  nozz le  t i p  and the metal rad and since same of the  organic 
l i q u i d s  t o  be u t i l i z e d  i n  the e x g e ~ i m e ~ r e  are combust ible ,  a polycarbonate  

(Lexan) a i r - t i g h t  p l a s t i c  c o n t a i n e r  enclosed t h e  main c y l i n d e r  and o t h e r  

materials which m y  be exposed t o  h i g h  c u r r e n t s  of e l e c t r i c i t y  ( P i g ,  5). 
The p l a s t i c  containment box was f u r t h e r  equipped wLth a n  i n t e r l o c k  

which, when a c t i v a t e d ,  aPlswed a n i t r o g e n  b l a n k e t  t o  surround t h e  g l a s s  

c y l i n d e r  and e lec t r ica l  connec t ions  within the: box as a f u r t h e r  saSety 

precaut ion .  

The l i q u i d  feed  through t h e  nozz le  was v i a  a 5-cm3 s y r i n g e  which 

was opera ted  by hand w i t h  a s topcock i n  t h e  t u b i n g  t o  r e t a i n  r e s i s t a n c e  

a g a i n s t  t h e  g r a v i t a t i o n a l  p u l l  on t h e  l i q u i d  so t h a t  a drop could be 

suspended f o r  s e v e r a l  minutes  a t  t h e  nozz le  t i p .  .The o t h e r  l i q u i d  €OK 

t h e  l iqu i -d- l iqu id  i n t e r f a c i a l  experiments  w a s  i n s e r t e d  through t h e  bottom 

of t h e  g l a s s  c y l i n d e r  and pumped out  through t h e  t o p  by feed  pumps w i t h  

0.125-in. t u b i n g  from t h e  s t o r a g e  beakers .  The feed  pumps were powered 

d i r e c t l y  from t h e  p r e s s u r e  t r a n s d u c e r  u n i t .  A l l  of t h e  main equipment 

mentioned p r e v i o u s l y  rests on a s t a t n l e s s  steel  pan i n  a v e n t i l a t e d  hood, 

w i t h  t h e  e x c e p t i o n  of: t h e  p r e s s u r e  t r a n s d u c e r p  30-kV power supply,  and 

t h e  video record ing  equipment which had l e a d s  o u t s i d e  t h e  hood t o  t h e  

l a r g e r ,  housed equipment s t a g e d  on t h e  l a b o r a t o r y  f l o o r .  

The high-speed v ideo  equipment used inc luded  a camera, vfdeo 

cassette r e c o r d e r ,  t e l e v i s i o n  s c r e e n ,  v ideo  t i m e r ,  and a d i g t t t z e d  

ana lyzer .  The camera was t h e  only  component of t h e  v ideo  equipment 

which was s t a t i o n e d  i n s i d e  t h e  hood on a p l a t f o r m  and rubber-meshed 

a n t i v i b r a t o r y  pad. A p l e c e  of similar pad a l s o  supported t h e  conta in-  

ment box t o  reduce t h e  v i b r a t l o n a l  e f f e c t s  t r a n s m i t t e d  by t h e  hood and 

l a b o r a t o r y  f l o o r .  The l i g h t € n g  f o r  t h e  video r e c o r d i n g s  w a s  suppl ied  by 

l i g h t s  behind and to t h e  f r o n t  s i d e s  of t h e  contalnment box s o  t h a t  t h e  

drops  would  r e c e i v e  t h e  maximum image r e s o l u t i o n  on t h e  video screen.  

The most unique a s p e c t  of t h i s  experimental  seti.lp w a s  t h e  use of 

t h i s  high-speed v ideo  equipment t o  record  d a t a  on drops.  Previous  

r e s e a r c h e r s  used en larged  photographs from which t h e y  took  measurements 

u s i n g  a d i g i t i z e r . 7  

v e n i e n t  and a c c u r a t e ,  but  t h e  d i g i t i z e d  a n a l y z e r  works faster than t h e  

Not on ly  i s  t h e  video equipment used h e r e  con- 
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old method of photographing and e n l a r g i n g  t h e  drop b e f o r e  i t  can be 

analyzed. The v i d e o  timer a l s o  t ine codes each frame oE t h e  r e c o r d i n g  

cassette w i t h  the day,  d a t e ,  hour ,  minute, second, t e n t h  of second, and 

hundredth of second on t h e  pr intout :  t a p e  which can o p t t o n a l l y  suppress  

any one or a l l  of t h e s e  time frames. 

Because s u r f a c t a n t s  such as d i r t  and d u s t  d r a s t i c a l l y  lower t h e  

s u r f a c e  t e n s i o n  of d r o p s ,  t h e  exper imenta l  chamber and l i q u i d s  used had 

t o  be p u r i f i e d  and c leaned  as much as p o s s i b l e  f o r  t h e  experiments .  

Thus, all. g lassware  w a s  washed, oven-dried,  and c leaned  wlth ethanol. and 

acetone.  All t h e  tub ing  was a l s o  cleaned by f l u s h i n g  d i s t i l l e d  water, 

e t h a n o l ,  and a c e t o n e  through them. The l i q u i d  samples af d i s t i l l e d  

water were taken  from a M l l i p o s e  f i l t r a tLon  and d e i o n i z e r  u n i t  i n  t h e  

b l o t e c h n i c a l  l a b o r a t o r y ,  w h i l e  t h e  cyclohexane used was 99.9% pure as 

rece ived  from S t o r e s .  

Runs were t h e n  conducted i n  computing t h e  s u r f a c e  t e n s i o n s  of 

d i s t i l l e d  water i n  a i r  and a l i q u i d - l i q u i d  i n t e r f a c e  of water i n  cyc1.o- 

hexane. For t h e  l a t t e r  case, s e p a r a t o r y  f u n n e l s  were u t i l i z e d  t o  make 
t h e  d i s t . i l l e d  water  s a t u r a t e d  wi th  cyclohexane and t h e  cyclohexane 

s a t u r a t e d  wi th  d i s t i l l e d  water. In  t h i s  way, the i n t e r f a c e  would appear  

s h a r p  and clearer than  i f  the two phases  were allowed t o  be pure and 

s l i g h t l y  m i s c i b l e  in each o t h e r ,  caus ing  a fuzzy i n t e r f a c e .  The formed 

drops  u s u a l l y  hung suspended from t h e  nozz le  f o r  a t  least  30 s b e f o r e  

f i l m i n g  began t o  e n s u r e  t h a t  t h e y  had reached a maximal d r o p l e t  s t a b i l i t y  

i n  t h e  tes t  chamber. 

I n  e s t a b l i s h i n g  a technique  t o  record  t h e  s i z e  and shape of pendant 

drops  a c c u r a t e l y ,  t h e  f i r s t  experiments  run w e r e  f o r  f i n d i n g  t h e  s u r f a c e  

t e n s i o n  of water i n  a i r  by u s i n g  Eq. 24 and t h e  v a r i o u s  t a b l e s  of S 

v e r s u s  1 / W .  The drop was focused and recorded f o r  measurement of the 

r e f e r e n c e  n o z z l e ,  t h e  e q u a t o r i a l  d iameter  de, and t h e  d iameter  d,. 

Along with these parameters ,  the tempera ture  range and t h e  known 

d e n s i t i e s  of a i r  and water f o r  i n p u t  i n t o  t h e  program GAMMA were noted. 

Note a l s o  t h a t  an o p t i c a l  bench w i t h  a c e n t i m e t e r  scale was set up t o  

check the accuracy of t h e  photogsaphfc method mentioned above. 
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The program GAMMA interpolated the known densities and surface 

tensions of water in air i n  solving €or the experimental surface tension 

and finding the percent error relative to literature values. The error 

steadily decreased as the measuring technique was  improved; for instance, 
Fig. 6 is a graph of surface tension versus drop hang time. The nominal 

time t o  record data on suspended water drops is approximately 90 s after 

stable formation. Some actual data and taped runs of the two systems 

are also given in Appendix A. We see from these original calculations 

that the sustained minimum error attainable was about 1 to 3% for the 
water-air system, which translates to a percentage of confidence for 

surface tension measurement o f  72,6 -t 1.0 dynes/cm (0.0726 k 0,001 N/m) 

at approximately 23°C. This error calculation takes the temperature 

range of subsequent data on drops into consideration. Table 1 shows 

some of the general results from the water-air interfacial experiments. 

Table 1. Surface tension at a water-in-air interface 

Average 
Temperature y measured y literatureb 

("C) (dynes/cmIa (dynes/cm) 
~~ 

Water in air 20 

23 

25 

74.10 

72.61 k 1.0 

70.00 

std. dev. = 1.0 

72.75 

72.28 

71.97 

al dyne/cm = 0.001 newton/m. 
bSource: Handbook of Chemistry and Physics, Forty-Ninth Edition, 

Chemical Rubber Publishing Go., Cleveland, Ohio, 1968. 

Data from actual runs of the water-cyclohexane system are also  

supplied in Appendix A, along with a Pisting of the runs on video 

cassette. The literature results compiled through a library search were 
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for cyclohexane and water at the standard 2OoC, while the experimental 

runs were done at around 25 2 0.2'C; thus, the experimental data were 

invariably lower than the accepted values, The program DENS1TY.W 

(in Magicalc) was initiated to find the upper and lower density limits 

for the temperature range by using a liquid-density estimation method 

when given certain known parametersll (see Appendix 8). 

mental results f o r  the water-cyclohexane system are presented i n  

Table 2. As can be seen from the table, these is a confidence of 

46.5 k 3.8 dynes/cm (0.0465 +- 0.0038 N/m) at 20°C as the surface tension 

of water in cyclohexane. These tes t ;  results were about an elght percent 

error, which is not acceptable considering the maximum two percent error 

attained for the water-in-air runs. 

The experi- 

Table 2. Surface tension of water in 
cyclohexane (liquid-liquid interface) 

Temperature y measured y literatureb 
("C) (dynes/cm)" (dynes/cm) 

20 -46.5 f 3.&c 50.2, 51.0 

25 44.90 f: 3 .3  -48 I 5C 

std. dev. = 3.27 

"l dyne/cm = 0.001 newtordm. 
bSource: 

J. Chim.  Phys. 63(10), 1409-15 (1966).  
CLnterpolated. 

G. Petre and FI. L. Schayer-Polischuk, 

5. DISCUSSION OF RESULTS 

The photographic method established for using the high-speed video 

recording equipment proved to be sufficiently accurate (as low as 1%) in 

the water-air experiments. This  limit was imposed because the reference 

nozzle and the suspended drop almost torally filled the entire video 

screen and therefore the digitized analyzer was used to its maximum 
capabilities. The latest study using a plain-series digitizer gave a 

resolution of approximately 0.003 cm, which yielded a gross error 



analysis of between OLE t o  Ghrea The r e a o l u t i s n  for t h e  

exper iments  conducted i n  t h i s  s tudy  was approximate ly  0,0035 c m ,  which 

y i e l d e d  a s l i g h t l y  h ighe r  e n o r  percentage  f o r  the water-air system. 

The e i g h t  pe rcen t  e r r o r  f u r  elie water-cyclohexane system was due t o  t h e  

f a c t  t h a t  t h e  d rops  fornnetl were more s p h e r i c a l  and d i d  not  f i l l  t h e  

s c r e e n  as much as t h e  water-air drops  had because of t h e  lower d e n s i t y  

d i f f e r e n c e  between t h e  t w o  l i q u i d s .  

A s  mentioned by S t a u f f e r , l 0  there i s  an  impor tan t  e r r o r  compi l a t ion  

i n  us ing  t h e  pendant drop method. The two shape parameter  diameters, 

de and ds, must be measwed ext remely  a c c u r a t e l y  ( e s p e c i a l l y  t h e  

e q u a t o r i a l  d i ame te r )  because d, i s  d i r e c t l y  based on that measurement. 

As can be seen i n  Fig. 7, an error i n  measurement of E is achieved on 

e i t h e r  s i d e  of the d r o p  when measuring t h e  e q u a t o r l a 1  d iameter .  The 

pe rcen t  e r r o r  i n  t h i s  method comes from t h e  fo l lowing  equa t ion :  

e r ror  -I 2 ~ / d ,  x 100 (25)  

For  t h e  measured exper imenta l  de v a l u e s ,  dtth t h e  assumption t h a t  t he  

d i g i t i z e d  a n a l y z e r  can on ly  be measured t o  t h e  n e a r e s t  1 11n i . t~  an  e r r o r  

pe rcen tage  us ing  Eq. 25 g i v e s  a compouiading error o f  approximate ly  two 

pe rcen t  €o r  a l l  d a t a .  When t h i s  measured de va lue  i s  used t o  f i n d  d,, 

a n o t h e r  e r r o r  subscquen t ly  i s  invoked i n  measuring t h e  ds d iameter  and 

t h e  f i n a l  S r a t i o .  Thus, due t o  t h e  e r r o r  i n  d r o p l e t  s u r f a c e  d a t a  

r e s o l u t i o n  and t h e  subsequent  c a l c u l a t i o n s  of S ,  1 / H ,  and the s u r f a c e  

t e n s i o n ,  y ,  t h e r e  i s  a compounded e r r o r  which makes the  pe rcen t  e r r o r  i n  

t h e  water-air system exper iments  acceptable .  and t h e  pe rcen t  error i n  t h e  

water-cyclohexane system norniiral1.y accep tab le .  

A s  noted i n  Sec t .  2 of t h i s  paper ,  o t h e r  mathematical  and s o l u t i o n  

methods have been developed t o  s o l v e  more a c c u r a t e l y  f o r  the s u r f a c e  

t e n s i o n  by the pendant drop  method. These s o l u t i o n s  were begun i n  

1969,495 € o r  t h e  most g e n e r a l  form of a drop  s u r f a c e ,  and were not  

developed f o r  pendant d rops  u n t i l  l as t   ear.^,^ 
t h e o r y  u t i l i z e d  i n  t h e  computer s o l u t i o n  invo lves  on ly  t h e  inpu t  of t h e  

d e n s i t y  d i f f e r e n c e  between t h e  two phases ,  some (x ,y )  c o o r d i n a t e  p o i n t s  

An overview of t h e  
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Fig. 7. Pendant drop showing error of measurement, E. 
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t aken  along t h e  drop smp.face i n t e r f a c e  r e l a t i v e  t o  a randomly s e l e c t e d  

o r i g i n ,  and t h e  r e s o l u t i o n  c a p a b i l i t i e s  of t h e  equipment i n  t h e  r a t i o  

of  cmj'unit. This  last v a l u e  f o r  t h e  r e s o l u t i o n  i s  c ~ l c u l a t e d  by 

e n t e r i n g  t h e  l e n g t h  of t h e  n o z z l e  r e f e r e n c e  i n  c e n t i m e t e r s  and d i v i d i n g  

by t h e  number of cor responding  u n i t s  a€ t h e  r e f e r e n c e  l e n g t h  measured 

from t h e  d i g i t i z e d  a n a l y z e r .  T h i s  program t h e n  uses  t h e  t h e o r y  

expressed i n  Eqs .  18 t o  22 using t he  arc. l e n g t h ,  s, as t h e  independent 

v a r i a b l e  t o  s o l v e  for t h e  s u r f a c e  t e n s i o n  of t h e  drop. 

The computer method u t i l i z e d  was f i r s t  publ ished by Kotenberg 

e t  a1.6 whi le  be ing  c o n c u r r e n t l y  i n v e s t i g a t e d  by Bridger .  l 2  

method of s o l v i n g  t h e  pendant drop problem was i d e n t i c a l  t o  t h a t  of 

Rotenberg 's  e t  a l .  as expressed  i n  h i s  acqui red  computer program ( s e e  

Appendix B). A s  mentEoned ear l ie r ,  t h e  program t a k e s  as i n p u t  the. den- 

s i t y  d i f f e r e n c e  of t h e  ~ W Q  phases ,  some d a t a  p o i n t s  on t h e  surface, and 

t h e  r e f e r e n c e  l e n g t h s  e n t e r e d  i n  c m  and i n  u n i t s  measured. One s t i p u l a -  

t i o n  which must be overcome i s  t h a t  t h e  method d e s c r i b e d  h e r e  only works 

f o r  a x i s y m e t r i c  f l u i d  i n t e r f a c e s ,  and t h a t  i t  does not  r o t a t e  the  drop 

t o  make i t  r e l i a b l e  as a d a t a  source  i f  i t  i s  not axisyimetric. 

B r i d g e r ' s  

A f t e r  e n t e r i n g  t h e  s u r f a c e  d a t a  po in t s ,  t h e  program l o c a t e s  t h e  

c e n t r a l  a x i s  of t h e  drop  and t r a n s p o s e s  the o r i g i n  to  t h e  v e r t e x  of t h e  

drop. Next, i t  selects t h e  r i g h t  or l e f t  s i d e  of t h e  drop froiii which 

t o  run  a r e g r e s s i o n  a n a l y s i s  i n  t h e  e s t i m a t i o n  of a rough s u r f a c e  ten- 

s i o n  and r a d i u s  of c u r v a t u r e  a t  t h e  o r i g i n .  Then, i t  s o l v e s  t h e  

Bashfor th  and Adams d i E f e r e n t i a 1  e q u a t i o n s  (Eqs. 18 t o  22)  u s i n g  t h e  

arc l e n g t h  as t h e  independent  v a r i a b l e  by t h e  Runge-Kutta method. 

The unique s o l u t i o n  technique  which i s  next  u t i l i z e d  i n v o l v e s  u s i n g  

a r e g r e s s i o n  a n a l y s i s  of t h e  l e a s t - s q u a r e s  method t o  c u r v e - f i t  t h e  

exper imenta l  d a t a  t o  a known Laplac ian  curve as based on h i s  b a s i c  

e q u a t i o n  (Kq. 7)  and expanded €or  t h e  pendant drop case t o  Eq. 17:  
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This a n a l y s i s  i s  done by vary ing  t h e  parameters  y ( s u r f a c e  t e n s i o n )  and 

b ( r a d i u s  of c u r v a t u r e  of t h e  o r i g i n )  u n t i l  t h e  squa re  of t h e  d i s t a n c e  

of an experimental. d a t a  p a i n t  t o  t h e  a c t u a l  Lap lac i an  curve  r eaches  a 

minimum and t h e  s u r f a c e  t e n s i o n  is  found and p r i n t e d  ou t .  An added 

f e a t u r e  t o  t h i s  program i n c l u d e s  a s u b r o u t i n e  which p r i n t s  ou t  a graph  

o f  s t a n d a r d  d e v i a t i o n .  

C u r r e n t l y ,  t h e  program does o p e r a t e  a t  a minimum e r r o r  of around 

t e n  pe rcen t .  Some of t h e  bugs which have de layed  proper  o p e r a t i o n  of 

t h e  program i n c l u d e :  

from VAX FORTaAN 43 t o  U N I X  LpfC Megamicro FORTRAN 77 and typed i n ,  
( 2 )  some of t h e  t r a n s l a t i o n a l  commands between t h e  two v e r s i o n s  of 

FORTRAN were incompa t ib l e ,  and (3) t h e  program i t s e l f  had p o s s i b i l i t i e s  

f o r  some e x t e n u a t i n g  e r r o r s  i n  c a l c u l a t i o n .  

( 1 )  t h e  long program i t s e l f  had t o  be t r a n s l a t e d  

6 .  CONCLUSIONS 

The photographic  t echn ique  u s i n g  t h e  high-speed v ideo  equipment w a s  

r a p i d ,  conven ien t ,  and a c c u r a t e  enough to minimize t h e  l i m i t a t i o n  e r r o r s  

that compound t h e  pendant drop  method's measurement of t h e  s u r f a c e  

t e n s i o n  of drops.  In a l l  of t h e  f i lmed r u n s ,  t h e  e r r o r  a n a l y s i s  was 
reasonab le  and w t t h i n  t h e  expec ted  l i m l t a t i o n s .  The equipment f o r  doing 

t h e  imposed e lec t r ic  f i e l d  exper iments  h a s  worked s a t i s f a c t o r i l y  wi th  

t h e  planned procedures  and i s  a p p r o p r i a t e  f o r  proper  d a t a  a c q u i s i t i o n  

and a n a l y s i s ,  bu t  t h e  Br idge r  computer program has  n o t  been comple te ly  

implemented i n  making s u r f a c e  t e n s i o n  measurements as ye t .  

7. RECOMMENDATIONS 

1 .  For subsequent  s t a t i c - d r o p  s u r f a c e  t e n s i o n  d a t a  and c a l c u l a -  

t i o n s ,  use  a smaller, Teflon-coated r e f e r e n c e  n o z z l e  so t h a t  t h e  pendant 

d rop  w i l l  f i l l  t h e  l i m i t s  of t h e  v ideo  s c r e e n  almost  comple te ly  and then  

t h e  r e s o l u t i o n  and accuracy  of the measurements w i l l  i n c r e a s e ,  
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2. a d j u s t  t h e  lighting v i a  t h e  Variac power i n t e n s i f i e r s  so  t h a t  

t h e  back l i g h t  behind t h e  containment box is t h e  b r i g h t e s t  and g i v e s  R 

s h a r p ,  d a r k  edge on t h e  s i d e s  of the nozzle  and drop. 

3.  Use a dimmer l i g h t  t o  f o c u s  on t h e  drop f r o n t  t o  give t h e  

f i n e s t  v ideo  image r e s o l u t i o n  of i t s  edges,  

4 .  F u r t h e r  comput.ational work shou ld  be conducted on t h e  Br idger  

program so t h a t  s u r f a c e  t e n s i o n  measurements can be clone on drops  t h a t  

a re  not  axisymmetric. so t h e y  can be e f f e c t i v e l y  analyzed. Also,  some 

e q u a t i o n s  p r e s e n t  p o s s i b i l i t i e s  f o r  errors due to d i v i s i o n  by z e r o  and 
n o t  being able t o  run t h e  r e g r e s s i o n  a n a l y s i s  c o n c u r r e n t l y  on both s ides  

of t h e  drop a t  one t i m e .  

5. l a s t l y ,  f o r  t h e  3 r idge r  program, we propose t h a t  t h e  1$.IC 

Megamicro g r a p h i c s  be t i t i l l z e d  by c o n s t r u c t i n g  a p l o t  s u b r o u t i n e  which 

w i l l  g r a p h i c a l l y  r e p r e s e n t  t h e  e n t e r e d  s u r f a c e  c o o r d i n a t e  d a t a  and a l s o  

p l o t  t h e  f i t  curve  t o  t h e  d a t a  yo€ats i n  t h e  shape  of a pendant drop. 

A s  concluded ear l ier ,  the photographic  and a n a l y t i c a l  methods 

e s t a b l i s h e d  h e r e  are  adequate  f o r  t h e  for thcoming experiments  with t h e  

imposed electric f i e l d s .  The p r e l i m i n a r y  t h e o r y  and experiments  t h a t  

were s t u d i e d  in t h i s  summer r e s e a r c h  p r o j e c t  l e a d  t o  a f i r m  recommenda- 

t i o n  f o r  u s i n g  t h e  aforementioned methods i n  extended t h e o r y  a p p l i -  

c a t i o n s  on mass t r a n s f e r  of l i q u i d s  and d r o p l e t  format ion  phenomena as 

a f u n c t i o n  of imposed e l ec t r i c  f i e l d s .  
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10. LIST OF SYMBOLS 

A area, cm2 

b r a d i u s  of c u r v a t u r e  a t  o r i g i n ,  cm 

de e q u a t o r i a l  d i a m e t e r ,  c m  

ds d i ame te r  measured based on de [Pig.  3 ( a ) ] ,  c m  

g 

1 / H  d imens ion le s s  shape q u a n t i t y ,  Eq. (23) 

g r a v i t a t i o n a l  c o n s t a n t  a t  level of a p p a r a t u s ,  979.69928 m / s 2  
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R1 

R2 

S 

S 

X 

x1 

Y 

Yl 

Y l  

A 

AA 

AP 

A D  

E 

Y 

r a d i u s  of c u r v a t u r e  i n  t h e  plane of the paper ,  c m  

r a d i u s  of c u r v a t u r e  i n  t h e  p lane  t angen t  t o  W1, cm 

a rc  length ,  c m  

Andreas e t  a l .  r a t i o  of ds/d, 

u s u a l l y  s t a n d a r d  h o r i z o n t a l  a x i s ,  cm 

dx/ds 

u s u a l l y  s t anda rd  v e r t i c a l  a x i s ,  crn 

dy/dx or dy /ds  

d2y/ dx2 

inc remen ta l  d i s t a n c e  i n  Fig. 1 

beta; d imens ton le s s ,  Eq. (13) 

d e l t a ;  change i n  

change i n  area, c m  

p r e s s u r e  d i f f e r e n c e  across an i n t e r f a c e ,  dynes/cm2 

d e n s i t y  d i f f e r e n c e  between t h e  two phases g/cm3 

e p s i l o n ;  small l i m i t  of r e s o l u t i o n  measurement, Fig. 6 

gamma, s u r f a c e  t e n s i o n  i n  dynes/cm o r  e rgs / cn2  

1 e r g  = dyne-cm 
1 j o u l e  = newtonemeter y = dyne/cm 

Y = erg/cm2 = dyne-cm/cm2 = dyne/crn 

p h i ;  a n g l e  (x,y) c o o r d i n a t e  makes t o  y-ax is ,  Fig. 3(b )  

t h e t a ;  a n g l e  (x ,y)  c o o r d i n a t e  normal makes t o  x axis; a l s o  s l o p e  

0 = y l  = dy/dx, Fig. 3 ( a )  
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APPENDIX A. SAMPLE DATA AND CALCULATIONS 

Some sample d a t a  and c a l c u l a t i o n s  for t h e  water-air and water- 

cyclohexane systems from t h e  o r i g i n a l  taped  d a t a  are g iven  i n  t h i s  

s e c t i o n .  C a s s e t t e  t a p e  #1 c o n t a i n s  t h e  fo l lowing:  runs on wa te r - a i r  

sys tem on 6 / 2 8 / 8 4 ,  7 / 2 / 8 4 ,  and 7 / 3 / 8 4 ,  with  t h e  o p t i c a l  bench c o r r e l a -  

t i o n s  be ing  conducted between t h e  7 /2  and 7 /3  sequences ,  and water-  

cyclohexane runs on 7 / 1 6 / 8 4 .  Total t a p e  t i m e  i s  33 mfn, 10 s. 
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Table 3. Air + water interfacial tension measurements 
(Temperature = 22.7OC) 

6/28/84 

Time 

Run No. 2 1 22.8 - 23.1. 15:30:46:17 - 15:31:46:48 
ATime = 1:00:31 

Same 2 23.1 - 23.3 15:36:29:04 - 15:37:27:82 
drop ATime 0:58:75 

3 23.1 - 23.3 15:41:03:04 - 15:42:03:26 
ATime = 1:00:22 

4 22.7 - 22.8 15:48: 54: 42 - 15:49: 24: 7 4  
Same A T i m e  = 0:30:32 
drop 

5 22.8 - 23,1 15:53:04:89 - 15:53:35:01 
ATime = 0:30:12 

6 22.7 - 22.8 15:58:49:83 - 15:59:19:28 
AhTime = 0:29:45 

7 22.8 - 23.0 16:03:23:90 - 16:03:53:59 
ATirne = 0:28:89 

8 22.8 - 23.0 16:08:31:41 - 16:09:01:03 
ATime = 0:29:62 

Run No. 3 1 22.7 - 22.8 16:14:49:92 - 16:15:20:10 
ATlrne = 0:30:18 

Run No. 4 1 22.7 - 22.9 16:20:16:26 - 16:20:46:94 
ATime = 0:30:68 
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Table 3 (contd)  

- -  

Avg. Temp. Reference 
Drop No. T i m e  De Ds ("e> s i z e  

Run No. 2 1 

2 

3 

(Not 4 
developed) 

5 

O f f  6 

7 

8 

15:31:26:00 
15:31:46:00 

15:36:48:99 
15:37:08:99 

15:41:23:00 
15:41:43:00 

15:49:14:00 

15:53:24:03 

15:59:09:00 

16:03:53:01 

16:08:50:99 

115 101 
115 101 

115 101 
115 101 

115 10 I 
116 101 

120 103 

119 108 

120 106 

118 105 

119 107 

23.0 268 

23.2 

23.2 

22.8 

23.0  

22.8 

22.9 

22.9 

Run No. 4 la 16:20:36:02 118 104 22.8 269 

agest focus on drop. 
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Table 3 (contd) 

Values used (from page 5 4 )  

- 

Temperature Density (g/em3 1 
("Q Water Air Y (dynes/ 4 

22.8 0.99761 0.001 1938 72.3132 

72.2976 22.9 0.997 584 0.001 1934 

23.0 0.99756 0.001193 72,282 

23.2 0.99751 0.001 1922 72.2508 
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Table 4.  Air-water i n t e r f a c i a l  tension analysis 

( 6 / 2 8 / 8 4 )  
of data using the GAMMA program 

Gamma 
Drop No. ( dyne 6 / cm) X error 

Run No.  2 1 72.0052 0.38 
72.0052 0.38 

Same 
drop 

Run No. 3 

2 72.00 16 0.34 
72.0016 0.34 

3 7 2.001 6 0.34 
74.9754 3.77 

5 70.5861 2.35 

6 77.2075 6.77 

7 73.2002 1.25 

8 72.3857 0.12 

1 70.3384 2.73 

Run No. 4 1 74.5474 3*09 

Averages for Runs 2 and 3 
using SFIND and GAMMA 

Average ( including 
No.  6 )  

Average (excluding 
No. 6 )  

72.5688 

72.1132 

0.40 

0.23 

Mean = 72.61, S t d .  dev, = 1.86 



02'7 
TZ'1 
zz.1 
66'1 
86'7 
L6'T 
96'1 
56.1 
86'7 
0€'5 
18'8 
T€ '01 

ZLOL'TL 
6LOL'IL 
LBOL'TL 
Z69O'tlL 
66170'9L 
LOSO'9L 
8 1 SO"17L 
ZZSO"9L 
O€SO'BL 
tlOOS'9L 
09S0'6L 
SLST '08 

I1 
11 
OT 
6 
8 
6 
9 
5 
8 
E 
Z 
T 

01 *7z 
5O'TZ 
OO'TZ 
56'02 
06 OZ 
S8'0Z 
08 02 
SL 'OZ 
OL 'OZ 
59'02 
09 'OZ 
5S'OZ 

€8 
€8 
E8 
28 
28 
213 
28 
18 
28 
T8 
08 
78 

66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
OOT 

68'0C :09 
69'0Z:08 
6t1'01 rot/ 
617'OO:OP 
68 *OS :6€ 
68"09:6€ 
6)1'0€:6€ 
68'0Z:60 
6V'OT :6E 
69'00:6€ 
69 'OS 8€ 
69 "017:8C 

ZT 
TI 
01 
6 
8 
L 
9 
5 
9 
E: 
Z 
1 
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Table 5. Water-cyclohexane I n t e r f a c i a l  tens ion data 

Water (saturated with cyclohexane) drops formed i n  cyclohexane 

(7 /16 /84)  
(saturated with water).  Temperature by thermocouple i n  cyclohexane. 

Temp 
(OF) Drop No. Time  

1 74.5 - 75.9 11:32:23:91 t o  32:53:66 
A T i m e  = 29.75 s 

2 75.1 - 75.3 11:40:03:85 to 40:05:92 
ATime = 2.07 s 

3 75.2 - 76.4 11:44:56:83 t o  45:16:41 
A T i m e  = 19.58 s 

4 75.4 - 76.7 11:49:17:37 t o  49:38:32 
ATime = 20.95 s 

5 75.7 - 77.0 11:52:04:40 t o  52:23:52 
ATime = 19:12 s 

6 75.9 - 77.2 11:55:02:34 t o  55:23:49 
ATime = 21.15 s 

1 76.5 - 77.4 12:05:00:39 t o  05:20:11 
A T i m e  = 19.72 s 

(Small) 2 76.6 - 77.6 12:10:21:60 t o  10:41:81 
ATime = 20.21 s 

3 76.8 - 77.8 12:13:32:30 t o  13:52:35 
A T i m e  = 20.05 s 

(Big) 4 77.0 - 77.8 12:16:26:57 t o  16:45:75 
ATime = 19.18 s 

5 77.0 - 77.9 12:22:57:38 t o  23:17:83 
A T i m e  = 20.45 s 

New l i g h t i n g  

(Big)  1 78.4 - 78.6 12:37:20:76 t o  37:41:08 
(Not 2-min hang) A T i m e  = 20.32  s 
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Table 5 (contd) 

Reference Nozzle ,= 262 units 

1 11:32:38:48 75.2 118 70 24.00 

2 11:40:04:89 75.2 124 8 1  24 e 00 

3 11:45:06:86 75.8 112 66 24,33 

4 11:49:27:70 76.05 121  78 24.47 

5 11:52:14:86 76.35 123 78 24.64 

1 12:05:10:59 76.95 120 75 24.97 

2 12:10:31:70 77.1 109 59 25.06 

3 12:13:42:80 77.3 120 75 25.17 

4 12:16:37:09 77.4 123 80 25 22 

5 12:23:07:85 77.45 122 79 25.25 

1 12:37:30:95 78*5  12s 8 1  25.83 

By program DENSITY.VC (on Visiealc, Magiealc) 

O C  PC6H1 2 PH20 

23.61 0.7755175 0.9943325 
25.83 0.7734832 0.9921 7 16 

Using values from: It. Reid ,  J. Prausnitz, and T. Sherwood, 
The Properties of Gases and Liquids ,  T h i r d  Edition, McGraw-Hill, 
New York, 1977. 
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Table 6. Water-cyclohexane 
interfacial tension data 

Calculated using program GAMMA 

Surface t e n s i o n ,  y 
Drop No. (dynes/cm) 

1 49.3016 

2 42,3045 

3 45.1905 

4 41.7008 

5 44.9803 

1 44.4695 

2 53.4061 

3 44.4672 

4 42,0863 

5 41.8865 

1 43.8836 

Std. dev. = 3.27. 

Mean = 44-87 dynes/crn. 
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MPENBIX B. COMPUTER PROGlRAMS 

The computer programs used in the current project are listed below. 

Copies are available on request. 

Language: BASIC (performed on an Apple IIe computer) 

Programs: RUNGE, RKG, MAT4, and PASTFT 

Function: All are variations of the Runge-Kutta or Runge-Kutta-Gill 
method of solving second-order differential equations. 

Programs: SFINI), INV.HFIND, and GAMMA 

Function: Developed programs to find S, 1/H, and the surface tension, y 
by E q *  ( 2 4 1 ,  

y = Apg de2/H , ( 2 4 )  

taking into consideration the density differences caused by 
fluctuating temperatures due to the video lights. 

Program: DENSITY.VC (Magicale) 

Function: Solves for the estimation of liquid densities over a certain 
temperature range when given the parameters: NAME, MOL WT (molecular 
weight), TC (critical temperature, K), OMEGA (Fitzer's acentric 
factor), LIQ DEN (liquid density at reference temperature, g/cm3), 
and T DEN (the reference temperature for LIQ DEN, K).ll 

Language : FORTRAN 7 7 

- Program: (Bridger's Program) (performed on the LMC Megamicro computer) 

Function: To solve f o r  the surface tension of a pendant drop by means 
of a wire-fitting regression analysis to a Laplacian curve of 
calculated surface tension, Input: date, reference length 
(em), and (x,y) coordinate points on the drop surface. 
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APPLE I1 COMPUTER PROGRAMS 

re the listings of t h e  computer des gene ated and 

used as 8 par t  of the current research program. A l l  €unction on the 

Apple I1 series of computer or compatibles. 

Runge 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
lOGOSUBlOOO 
20PRINT" ORDINARY DIFFERENTIAL EQUATION SOLVER" 
22PRINT: PRINT 
2 4 PRINT I' USING" 
26PRINT: PRINT 
2 8 PR I N T 'I 4TH ORDER RUNGE WUTTA METHOD" 
29PRINT: PRINT: PRINT 
30PRINT:PRINT:PRINT:PRINT:PRINT:PRINT:PRINT 
3 1 P R I N T : P R I N T : P R I N T : g R X N T  
32INPUT"DO YOU WANT INSTRUCTIONS? (Y/N) 'I; Q$ 
34 I FQ$ = " N" GOT0 I 0 0 
36GOSUB1000 
38PRINT"E XAMPLB 
40PRINT:PRINT"EQUATIONS MUST FIRST BE CHANG&D TO A" 
42PRINT" SET OF FIRST ORDER EQUATIONS" 
44PRINT:PRINT"E.G. LET Y(1)=Y AND Y(Z)=Y'" 
4 6 P R I NT 'I THEN THE EQUATION BECOMES" 

5 0 PRINT " Y(2)*=--.3Y(2>-SIN(Y(l))" 
52PRINT: PRINT: PRINT 
60PRINT"F(1),P(Z),ETC ARE DEFINED AS" 
6 2 PRINT 'I Y ( 1 ' , Y ( 2 ) ' , E TC IN PROGRAM" 
64PRINT" INSERT THE EQUATIONS FOR F(l),F(B),BTC" 
66PRINT" AT LINES 500,510, ETC" 
68PRINT" LIST 500-510 TO SEE FOR THIS EXAMPLE" 
69PRINT:PRINT 
7 0 I NP U T 'I C 0 N T I NU E I N S TR UC T IONS ? ( Y / N ) It ; Q $ 
7 2 I FQ$ = '' A 'I GO TO 10 0 
74PRINT: PRINT: PRINT 
76PBINT"X IS THE INDEPENTDENT VARIABLE" 
78PRINT:PRINT: 
80PRINT"FOB THIS EXAMPLE USE" 
82PRINT" NUMBER OF EQUATIONS = 2" 
84PRINT" STARTING X = 0 
86PRINT" END X = 10 
88PRINT" X INCREMENT FOR INTEGRATION = . l "  
SOPRINT" X INCREMENT FOR PRINTOUT = . 2 "  
92PRINT" INITIAL VALUE OF Y ( 1 )  = 1" 
94PRINT" INITIAL VALUE OF Y ( 2 )  = 0" 
98PRINT: PRINT: PRINT 
100INPUT"NUMBEH OF FIHST ORDER EQUATIONS = 'I; N 

Y ' * + .3Y' +SIN( Y) = O "  

48PRINT" Y(1)'=Y(2)" 
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11OINPUT"STARTING VALUE OF X = " ; X  
115INPWT"END VALUE OF X = ";Xl 
1IQINPUT"INCREMENT OF X FOR INTEGRATION = ";H 
130INPUT"INCREMENT OF X FOR PRINTOUT = ";X2 
140FORI=lTON 
1SOPRINT"INITIAL VALUE FOR Y( " ;  I; " )  = " ;  
lGOINPUTY(1) 
17ONPXTI 
175PRINT:PWINT:PRXNT 

19ox4=x+x2 
200GOSUB500 
210GOSUB600 
220GOSU8500 
230GOSUB700 
240GOSUB500 
250GOSUB809 
260GOSUB500 
270GOSUB900 
275IFX<X4THEN200 
280PRXNTX, Y (  1 1 ,  Y( 2) 
285X4=X4+X2 
290IFX<XlTWEN200 
300GOT09000 
40OY( 1)=0 
410Y (2) = O  
490RETURN 
500F(l)=Y(2) 
510F(2)~~(6.3215+239.76909SY(l))*(~~(Y(2))~2)n~.5-(1+(Y(2))~~~~(Y(2)/X) 
5 9 0 R E T U R N  
600FORI=lTQN 
GLOS(I)=Y(I) 
620P(I)=F(I) 
630W(I)=S(I)+.5*K*F(I) 
6 4 0 N E X T I  
650X=X+.5tH 
GSORETURN 

710P(I)=P(I)+2tF(I) 
72au(I)~s(X)+.5SN*F(I) 
730NEXTI 
7 4 0 R E T U R N  
300FORI=lTON 
810P(X)=P(I)+2*F(I) 
82OY(I)=S(I)+H*F(I) 
330NEXTI 
840X=X+. 5SN 
850RETUHN 
900FORI=1TON 
9lOY(I)=S(I)+(P(I)+F(I))*H/6 
92ONEXTI 
93 0 R E T U R N  
1000FORI=1T040 
lOlOPRINT 
10 20ME XT I 

180PRINT" x Y(1) ~(2,1t9 

~ O O F O R ~ = ~ T O N  
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1030RETURN 
9000END 

******************t*$*$3**Stt*****~************************t************~** 

RKG 

10D$=CHR$(4) 
10OHOM3:TEXT:BJORMAL 
110PRINT" ORDINARY DIFFERENTIAL EQUATION SOLVER" 
12QPRINT: PRINT 
1 3 0 PRINT I' 
14OPRINT: PRINT 
1 5 0 P R I. NT *' RUNGE-KUTTA-GILL METHOD ":PRINT 
160PRINT:HTAB7:PRINTf' REVISED BY CHARLES H. BYERS" 
170HTAB14: PRINT" FEBRUARY 1984" 
180PRINT:PRINT:PRINT:PRINT:PRXNT:PRINT 
190VTAB20 
2OOPRINT"DO YOU WANT INSTRUCTIONS? (Y/N)":GETQ$ 
2 10 I FQ $ = N " GO TO5 0 0 
22060SUB1100 
230PRINT" EXAMPLE Y *  '+.3Y'+SIN(Y)=O" 
240PRINT:PRINT" EQUATIONS MUST FIRST BE CHANGED TO A" 
2 5 0 PHI NT " SET Q F  FIRST ORDER EQUATIONS" 
26OPRINT:PRINT" E.G. LET Y(l)=Y AND Y(2)=Y"' 
2 70PRINT" THEN THE EQUATION BECOMES" 
2 80 PRINT " 
290PRINT" Y(2)'=-.nY(2)-sIN(Y(l))'' 
300PRINT:PRIMT:PRTNT 
31QPRINT" F(l),F(P),ETC ARE DEFINED AS" 
320PRINT" Y(l)',Y(2)',ETC IN PROGRAM" 
330PRINT" INSERT THE EQUATIONS FOR F(l),F(Z),ETC" 
340PRTNT" AT LINES 830,835,840,845" 
350PRINT'* LIST 825-845 TO SEE FOR THIS EXAMPLE" 
360PRINT: PRINT 
370INPUT" CONTINUE INSTRUCTIONS? (Y/N) ''; Q $  
380 IFQ$="N"GOT0500 
390PRINT: PRINT: PRINT 
400PRINT"X IS THE INDEPENDENT VARIABLE 'I 

410PRINT: PRINT: 
420PRINT" FOR THIS EXAMPLE USE" 
4 3 0 PRINT If NUMBER OF EQUATIONS = 2" 
44 0 PR I NT 'I STARTING X = 0 
45 0 PR I NT END X = 10 " 

4 60 PR I NT 'I X INCREMENT FOR INTEGRATION = .Iff 
47 0 PRINT 'I X INCREMENT FOR PRINTOUT = . 2 "  
4 8 0 PR I NT " INITIAL VALUE OF Y(1) = 1" 
4 SOPRI NT " INITIAL VALUE OF Y(2) = 0" 
500GOSUBllQ0 
505PRINT" STANDARD DISPERSION EQUATION PROBLEM (Y/N) ?":GETYN$ 
5 0 7 I F Y N$ = I' Y " THE N5 6 5 
510INPUT"NUMBER OF FIRST ORDER EQUATIONS (MAX=4) =";N 

USING" 

Y ( 1 )  ' =Y ( 2 ) " 
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ssouCr>=v(r>+lsr*(plr)-Q(x))> 
9sOQ(I>=(SR*KCI))cCsVXQ(I)) 
970NEXTP 
980RE TURN 
990FORI=lTON 
1000X(I)=HSF(I) 
l O l ~ Y ( I ) ~ Y ( I ) + ( S V * ( X ( p ) - Q c I ) ) )  
loZQQ(I>=(Ss*K(r)2+(SW~Q(I~~ 
1030NKXTI 
1040X=X+.5*M 
105ORETURN 
1060FORI=1TON 
l 0 ~ 0 Y ( I > ~ Y ( I ) + ( ~ ~ ~ ( I ) / 6 ) - ( 8 0 / 3 )  
108ONEXTI 
109QRETURN 
1100PORI=lT040 
11 lOPRINT 
11 2 ONEXT I 
1130RISTURN 
1140END 

MAL 

.......................................................... 

10D$=CHR$(4) 
1OOHOME: TEXT: NORMAL 
11QPRINT" ORDINARY DIFFERENTIAL EQUATION SOLVER" 
1ZOPRINT: PRINT 
13  OPRINT" USING" 
140PRINT: PRINT 
15 0 PRINT " RUNGB-KUTTA-GILL METHOD ":PRINT 
16OPRINT: HTAB7: PRINT" REVISED BY CHARLES H. BYERS" 
170HTAB14: PRINT" FEBRUARY 1984" 
18QPRINT:PRINT:PRINT:PRINT:PRTNT:PRINT:PRINT 
190 VTABBO 
2OQPRINT"DO YOU WANT INSTRUCTIONS? (Y/N)":GETQ$ 
2101FQ$="NftGOT0500 
220GOSUB1100 
2 3 0 PRINT" EX AMP LE 
24OPRINT:PRINT" EQUATIONS MUST F I R S T  BE CHANGED TO A" 
2 SO PRINT" SET OF FIRST ORDER EQUATIONS" 
26OPRINT:PRINT" E . G .  LET Y(l)=Y AND Y(Z)=Y"* 
2 7 0 PRINT " THEN THE EQUATION BECOMES" 
2 80 PR 1 NT " 
29QPRINT" Y(Z)'=-.3Y(Z)-SIN(Y(1))" 
3OOPBINT:PRINT:PRINT 
31OPRINT" F( I ) ,  F( 2 )  , ETC ARE DEFINED AS" 
320PRINT" Y ( 1) ' , Y( 2) ' , ETC IN PROGRAM" 
330PRINT" INSERT THE: EQUATIONS FOR F(1),F(2),ETCtt 
340PRENT" AT LINES 830,835,840,845" 
350PRINT" LIST 825-845 TO SEE FOR THIS EXAMPLE" 

Y ' * + . 3  Y ' +S IN ( Y ) = 0 

Y (  1) '=Y( Z),' 
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76OPRINTX,Y(1) ,Y(2) 
763IFA>PTHEN'768 
5'64A=A+Z 
765H=Z:IFH=ZTWEN630 
768IFX>XlTREN1140 
770PRJCNT 
7 5' 1 H= T : I FH = TTHE N64 2 
?75X4=X4+X2 
780IFX<XlTHEN6?0 
790GOT0113f.l 
82ORETURN 
825REM FUNCTIONS 

850RETURN 
86QFORI=lTON 
870K( I)=HSF( I) 
88Ou(I>=Y(I)+(O.s*K(I)) 
890Q(I)=K(I) 
SOONEXTI 
9POX=X+.5*H 
92 0 RE TURN 
930FORI=lTON 
940K(I)=H*F(I) 
950Y(I) =Y(I)+(ST%(K( I)-Q( 1))) 
9 6 0 Q ( I ) = ( S R * K ( I ) ) + ( S V * ~ ( I ) )  
9?0NE XT I 
980RETURN 
990FORI=lTON 
1000K(I)=H*F(I) 
l O l O Y ( I > = Y ( I ) + i s U * ( K ( T ) - Q ( f ) ) )  
1 o 2 a a ( r ) = c s s * ~ ( ~ ) ) + ( s w * ~ ( I ) )  
IO30 NR XT I 
1040X=X+.5*H 
105QRETURN 
1060FOBI=1TON 
IO7OY(I)=Y(I)+(H*F(I)/6)-(Q(I)/3) 
10 BONEXT X 
109QRETURN 
1096IFX>XlTHEN1100 
1098X4=X+X2 
1099GOSUB670 
1100FORI=lT040 
lllOPRINT 
1 l2ONEXTI 
ll3ORETURN 
114OEND 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SFIND 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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5 3 K=HO-H2 
54P=S2-S0 
55PRINT:PRINT:PRINT 
56TzS2-S 1 
57X=Q 
GOX=(T*K)/P 
65Hl=IH2+X 
?OPRINT"SW, *'P/H" 

76PRINTnX= +'; X 
BOPRINT:PRINTS1,Hl 
82PRINT"INVH2= "; IH2 
83PRlNTHT= ";T 
84PRINT" INVAO= 'I; HO 
85PRINT"K= " ; K 
86PRINT"P= "; P 
87END 

75PRIMT*f------.. ---- -- -_-- _- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PASTPT 

10D$=CHR$(4) 
100HOME: TEXT: NORMAL 
11OPRINT" ORDINARY DIFFERENTIAL EQUATION SOLVER" 
f20PRINT: PRINT 
130PRINT" USING'# 
140PRXNT: PRINT 
15 0 PRINT RUNGE-KUTTA-GILL METHOD ":PRINT 
16OPRINT:HTAB7:PRINT" REVISED BY CHARLES H. BYERS" 
17OHTAB14: PRINT'i FEBRUARY 1984" 
180PRINT:PRINT:PRINT:PRINT:PRINT:PRINT 
190VTAB20 
200PRINT"DO YOU WANT INSTRUCTIONS? (Y/N)":GETQ$ 
2 1 0 I FQ $ = I' N I' GO TO5 0 0 
220GOSUB1100 
230PRXNT" EXAMPLE Y' I+ .  3Y'+SIN(Y)=O" 
240PRINT:PRINT" EQUATIONS MUST FIRST BE CHANGED TO A" 
250PRINT" SET OF FIRST ORDER EQUATIONS" 
260PRINT:PRINT" E.G. LET Y(l)=Y AND Y(Z)=Y"' 
2 7 0 PR I N T " THEN THE EQUATION BECOMES" 
2 80 PR I NT I' 
2 9 0 PRINT " 
BOOPRINT: PRINT: PRINT 
310PRINT" F(l),F(B),ETC ARE DEFINED AS" 
320PRINT" Y(l)',Y{Z)',ETC IN PROGRAM" 
330PRINT" INSERT THE EQUATIONS FOR F(l),F(Z),ETC" 
340PRINT" AT LINES 830,835,840,845" 
350PRINT" LIST 825-845 TO SEE FOR THIS EXAMPLE" 
36OPRINT:PRINT 
370INPUT" CONTINUE INSTRUCTIONS? (Y/N) 'I; Q$ 
3 8 0 I FQ $ = I' N I' GOT05 0 0 

Y(1) a = Y ( 2 ) t '  
Y(Z)'=-.3Y(Z)-SIN(Y(l))'' 
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390PRINT: PRINT: PRINT 
4 0 0 P R I N T " X  I S  THE I N D E P E N D E N T  V A R I A B L E  I' 

41OPRIMT: P R I N T :  
4%0PEIWT'* P U R  T H I S  E X A M P L E  USE'' 
430 PR I M T  " NUMBER O F  E Q U A T I O N S  = 2"  
4 4 0 B Fa IN T " S T A R T I N G  W = 0 
4 5 0 P R 1 H T f q  END X = 10 *' 
45CPHINT X INCRBM&&"T FOR I N T E G R A T I O N  = .l" 
47 0 P R I N'P '' x INCREWEFT 108 PRINTOUT A . 2 "  
4 8 0 P W INT INITIAL VALIIE O F  Y C 1 )  = 1'$ 
4 90 P R i MT t' I N I T I A L  VALUE O F  Y ( 2 )  5 0" 
50QGOSU13 I100 
510INTUT"NUMBBR OF FIRST ORDER E Q U A T I O N S  ( M A X z 4 )  = " ; N  
5 2 O ~ I M K ( 4 ) , Y ( 4 ) , F ( 4 ) , ~ ~ 4 ~ , ~ ~ ~ ~ ~ , ~ O ~ ) , Y S ~ ( 4 )  
530INPUT" S T A R T I N G  VALUE OF X = " ; X  
SnlOINPUT" EHB VALUE OF X = " ; X 1  
5 5 0 I N P U T "  IfdCREMgNT OF X FOR I N T E G R A T I O N  =" ;  Z 
5 6 0 1 H P U T * '  IMCREMENP O F  X FOR P R I N T O U T  = ";X2 
570FOSP=lTON 
580PBINT" I N I T I A L  VALUE FOR Y ( " ; I ; " )  = "; 
5907NPUTY(I) 
600NE XT I 
6 O l I N P U T " V A L U E  FOB TEE V E R T E X  R A D I U S  O F  C U R V A T U R E  =";R 
6 0 3 I N P U T " V A L U E  FOR B E T A  = " ; A  
61OPRHNT: P R I N T :  P R I N T  
6 1 1 P R I N I " F I L B :  M A L " :  PRlNT: P R I N T :  PRINT 
616A=0 
618W=Z 
519X4=X+X2 
S ~ O P R T N T ~ ~  x Y(1) Y(2)" 
621PRIkT: PRINT 
6 2 2 P = 1 0 $ 8  
623T =1008H 
630PR'iNT 
6421FX>OTHBN670 
649PRIMTX,Y(l),Y(2) 
649PP.INT 
~ ~ ~ S Q L S Q H ( ~ ) : S R = ~ - S Q : S S = ~ ~ ~ ~ ~ ~ ~ = ~ - - ( ~ / S Q ) : ~ U = ~ ~ ( ~ / S Q )  
5 6 0 S V = ( 3 / S e ) - 2 : S w ~ - ( ( 3 / s a ) s z )  
662XzH 
664Y(l)2(HA2)/2 
666Y ( 2 )  = E  
670GOSUR825 
6 8 0 G O S U B 8 6 0  
6906OSUR825 
700GOSUB930 
710GOSUB825 
7 2 0 GO S l i R  9 90 
730COSUF825 
7 4 0 GO S UP 10 6 0 
7 4 5 x N - x 4 - ( x 2 / 1 0 0 0 )  
75OIFXtXNTEENGTO 
760PRINTX,Y(l),Y(2) 
7631FA>PTHEN768 
7 6 4 A = A + Z  
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765H=Z:IFH=ZTHEN630 
768IFX>XlTHEN1140 
770PRINT 
771H=T:IFH=TTHEN642 
775X4=X4+XZ 
780IFX< XlTHEN670 
7YOGOT01140 
82ORETURN 
H25BEM FUNCTIONS 
830F(I)=Y(2) 
840F(2)=((2*R+~*Y(I))/R^2)t(l+(Y(2))^2)^l.5-((l+(Y(2)~A~)*Y(2)/X) 
850RETURN 
860FORI=lTBN 
870K(I)=B*F(I) 
8$0Y(I)=Y(I>+(0.5*K(I)) 
890Q( I) =K( I) 
SOONEXTI 
910X=X+.5*H 
9 2 ORE TURN 
93OFORI=1TON 
94OK(I)=B*F(I) 
950Y(I)=Y(I)+(ST*(K(I)-Q(I))) 
96OQ(I)=(SR*K(I)>+(sV%~(I)) 
970NEXTI 
980RETURN 
990FORI=lTON 
1000K(I)=H*F(I) 
l O l O Y ( I ) = Y ( I ) + ( S U * ( K ( Z ) - a ( I ) ) )  
lQZQQ(I)=(SS*K(I))+(SW*Q{I)) 
103 ONE XT I 
1040X=X+.5*H 
1050 RETURN 
106QFORI=lTON 
l O 7 0 Y ( I ) ~ Y ( I ) + ( W * F ( I ) / 6 ) - o ( I ) / 3 )  
1080NEXT I 
1090 RETURN 
1096IFX>XlTHEN1100 
1098X4=X+XZ 
1099GOSU367Q 
1100FOBI=1T040 
1 PlOPRINT 
1120NEXTI 
113ORETURN 
1 l4OEND 

* * * * * * $ * * % * * * * * * * * $ * * * * * % ~ * * * s a * * * * * * * * % ~ * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * * * * *  

GAMMA 

**$**************%*******************~*******************~************* 

2INPUT"ENTER THE VALUE OF DS = ";DS 
3INPUT"ENTER THE V A L U E  OF DE = ";DE 
4Sl=DS/DE:PRINT 
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5PRINT t* D s DE S "  : PRlWT 
6 P R I N TD S " "DE" "S1 
SPRINT : PRINT 
10PRINT"FILE: INV .WFIFID": PRINT 
1ZPRINT"ASSUMING USING FORDHAM TABLES PQR S VALUES ABOVE .67 AND STAUFFER 
TABLES FOR S VALUES BELOW .67,WITH LINEAR INTERPOLATION BETWEEN S VALUES, 
WBTCB ARE AT 0.001 INTERVALS, TO FIND 1/H VALUES."' 
13PRINT"INTERPOLATION IS D O N E  BETHEAN THE S A R R A Y  AND ThfE 1/H ARRAY, 
CONSTRUCTED IN TBE POLLOWXMG M A N N E R :  " 
14 P 8 I MT " S 2 
1 5 PR I NT " S 1 
1 6 PRINT '' S 0 
17PRINT"Sl IS THE DS:DE RATIO AND IS THUS KNOWN TO THE PROGRAM, YOU MUST ENTER 
THE N E X T  IIIGBER S2 VALUE. 
1RPRJNT"FOB EXAMPLE, IF S1=0.6243 : YOU ENTER 0 . 6 2 5  FOR S2 WHILE S O = 0 . 6 2 4 .  
NEXT GO TO TBE TABLES AND READ OFF THE CORRESPONDING 1 / H  VALUES," 
28PRINT: PAINT 
2 9 P R 1 N T'* S 1 = " S 1 : P R I FIT. PRINT 
3 O I N P U T " E N T E R  THE VALUE OF 5 2  = * ' ; S 2  
35PHINT: PRINT 
45INPUT"ENTER THE VALUE OF INVHO = ";H0 
5QINPUT"ENTER T H E  VALUE OF INVH2 = ";H2 
5 3K=BQ-112 
54P=0.001 
55PHXNT:PRINT:PRXNT 

F i O X = ( T * K ) / P  
6581=82+X 
70PRINT"S", "l/H" 

80PRXNT: PRINTSl, H1 
35PRINT: PRINT: PRINT 
lOQR&P=O. 9525 
110INPUT"LGNGTH OF R E F B R E N C E  ON VIDEO SCREBH 2 ";  L 
115PRINT 
120C=REF/L 
130PRINT"TBE LENGTH QF DE FOR CONVERSION TO CENTIMETERS HAS BEEN PREVIOUSLY 
E NT E I? R D " 
1 4 O D = C * D E  
14lPRKNT: PRINT 
143PRINT"POR THE FOLLOWING DENSITY INTEGRATIONS, IT IS ASSUMED THAT THE SAME 
TEMPERATURE SCALE IS USED IN THE CALCULTIONS, THUS THE DENSITIES OF EACH 
CONSTITUENT ARE KNOWN AT THE UPPER AND LOWER TEMPERATURE ROUNDS." 
145PRINT: PRINT 
146PRINT"DENSITY OF FIRST CONSTITUENT CALCULATIONS : T2 IS YOUR DATA 
TEMPERATURE. " 
147INPUT"ENTER T1 = ";Ti 
148INPUT"ENTER T2 = " ;  T 2  
149INPUT"BNTER T3 = " ; T3 : PRINT 
150INPUT"CORRESPONDINC DENSITY AT TEMPERATURE T1, D 1  = ' I ;  D1 
151INPUT"CORRESPONDING DENSITY AT TEMPERATURE T3, D3 = 'I; 03 

153PRINT"DENSITY OF CONSTITUENT NUMBER 1 AT GIVEN T2 = "D2 
15QPRINT: PRINT 
155PRINT"DENSITY OF SECOND CONSTITUENT CALCULAT1ONS":PRINT 

1/H2" 
l/J31'f 
l/BO" 

56T=S2-S 1 

7 5 p R J NT (1 _x_____----I--_-pp--- 1' 

152D2=((T3-T2)t(Dl-D3))/(T3-Tl)cD3:PRI~T 
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156A=D2 
157INPUT"ENTER CORRESPONDING DENSITY AT TEMPERATURE T1, D4 = ";D4 
158INPUT"ENTER CORRESPONDING DENSITY AT TEMPERATURE T3, D6 = ";D6 
159D5=((T3-T2)*rD4-Ds)) / (T3-Tl)+D6 
16OPRINT:PRINT"DENSITY OF CONSTITUENT NUMBER 2 AT UIVEN T2 = "05  
161B=D5 
162IFA>BTHEN165 
16 3DR=B -A 
164IFDR>OTHEN169 
165DRzA-8 
1698=979.69928 
17OPRINT: PRINT 
180GAMMA=(DRtG*(D^2)~*~1 
19 0 PRINT " D S DB s " 
2 1 0 PR I NT D S 'I 
200PRrNT"--------------------------" 

"DE" "51 

271PRINT"DENSITY 1 = '"2 
272PRINT"DENSITY 2 = I'D5 
273PRINT 
275PRINT"DELTA RO IN CGM/CM*S) = "DR 

28OPRINT"SURFACE TENSION IN D'YNES/CM = "GAMMA 
29QPRINT 
291PRINT"INTEGRATION FOR FINDING GAMMA ACCEPTED":PRINT 
292INPUT"ENTER T4 = " ; 2 4  
2 93 T5 = T2 
2941NPUT"ENTER T6 = "; T6: PRINT 
295 1NPUT"CORRESPONDINC SURFACE TENS ION AT TEMPERATURE T4, G4 = ; G4 
296INPUT"CORRESPONDING SURFACE TENSION AT TEMPERATURE T6, G6 = ";G6 
2 9 7 G 5 = ( ( T 6 - T 5 ) * ( C 4 - G 6 ) 1 / ( T 6 - T 4 ) + G 6  
300W=G5 
305PRINT 
310Y=((W-GAMMA)/W)*lOO 
3 2 0 P R I NT " G AMM A 

335PRINT 
340PRINTGAMMA" "W 
345PRINT 
3 5 0 PR I NT I' P E RC E N T ERROR = 
36OPRINT:PRINT:PRINT 
90 OOEND 

GAMMA (ACCEPTED)" 
330PRINT"_____________________________" 

'I Y " X " 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
************$*********~***********************%*****************~****%* 
END OF APPLESOFT FILES 
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The following interactive session ia typical of the 
data-analysis s e s s i o n s  one m i  ht have after  data are 
gathered in the cl aninner. The run in question i n  a 
water run a t  23 de 

IRIJN GAf l iW 
ENTER THE VALUE OF DS = 105 
ENTER THE VALUE OF DE = 118 

f I L E :  1NV.HFIND 

ASSUMING U S I N G  FORDHAM TABLES FOR S VALUES ABOVE .67 AND STAUFFER T A B L E S  FOR S V 
ALUES BELOW .67.WITH L I N E A R  I N T E R P O L A T I O N  BETWEEN S VALUES. WHICH ARE A T  0.001 I 
NTERVFILS. TO F I N D  1 / W  VFIl-UES. 
I N T E R F O L A T I O N  IS DONE BETWEEN THE S ARRAY AND THE l/H ARRAY,  CONSTRUCTED I N  THE 
FOLLOWING MANNER: 
52 1 /H2 
s1 1 /H1 
SO 1 /HI:) 
S1 I S  THE DS:DE R A T I O  AND IS THUS KNOWN TO THE F'ROGRAM, YOU MUST ENTER THE N E X T  
HIGHER 52 VALUE. 
FOR EXAMFLE.  I F  S1=0.6243 : YOU ENTER 0.625 FOR 52 WHILE SO=0.6?4. NEXT GD TO YH 
E TABL-ES AND READ OFF THE CORRESPONDING f / H  VALUES. 

ENTER THE VALUE OF S 2  = 0.S9t:l 

EINTER THE VALIJE OF INVHO = .42729 
ENTER THE VALUE OF I N O H 2  = .4Z&:Kr 

5 1 /H 

LENGTH O F  REFERENCE ON V I D E O  SCREEN = 260 

TrlE LENGTH O F  DE F@R CONVERSION TO CENTIMETERS HAS BEEN PREVIOUSLY ENTEREP 

F O h  THE FOLLOWIrJG D E N S I T Y  INTEGRATIONS. I T  I S  ASSUMED THAT THE SAME TEflI='EF.OTIJfE 
ECALE IS (JSED I N  THE CALCULTIONS.  THUS TkIE D E N S I T I E S  OF EACH CONSTITUEPIT 1;SE t NO 
W N  A T  THE IIFFER AND LOWER TEMF'ERATURE BOUNDS. 
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-- 
C.L .  9 
ENTER T 3  = 23.0 

CORRESPONDING DENSITY 
CORRESPONDING DENSXTY 

DENSITY OF CONSTIYUEN 

AT TEMPERaTURE 
AT TEMPERATURE 

T i .  D1 = .99780 
T3 .  D 3  .99756 

NUMBER 1 AT G VEN TT ,997584 

DENSITY OF SECQND CONSTITUENT CALCULATIONS 

ENTER CORRESF'ONDING DENSITY AT TEMFERATURE T i .  D4 = .001197 
ENTER CORRESPONDING DENSITY AT TEMPERATURE T3. 06 = .001199 

DENSITY OF CONSTITUENT NUMBER 2 AT GIVEN T 2  t 1.1934E-05 

-- - 
DENSITY 1 = .Y97584 
DENSITY 2 = 1.19Z4E-03 

DELTA RO IN (GM/CM'3) = -9963906 

SURFACE TENSION I N  DYNES/CM =: 73 .17778Z2  

INTEGRATION FOR FINDING GAMMA ACCEFTED 

ENTER T 4  = 20.0 
ENTER T 4  = 25 

COPRESPOPJDING SURFACE TENSION AT TEMPERATURE 7'4. 64 = 72.75 
CORRESPONDING SURFACE TENSION AT TEMFERATURE Tb.  G6 = 7 1 . 9 7  

GAMMA GAUHA (ACCEFTEDI 

77.1777ET.2 72.2976 

FERCENT ERROR = -1 a 217444!m! 



5 4  
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Aua 13 22:53 1984 moin4f Prrrr 1 

C data S V ~ I V  / O . r O l ~ O l /  

c Format s e c t i o n .  
1000 formwt('9 Enter input filename: ' )  
1010 f o r m a t ( e )  
1012 foraat(f12.6) 
1015 f0rmat(fl2~6rflZ~6) 
1016 format(tlto6~4xrf12.6) 
C 1018 foroat(2(i3)) 
2000 f o r m a t ( ' %  Enter deneitw di?terence: ' )  
1020 format( l w , c 8 ~ l x r i 4 )  

c Write rro9ram header  to screen. 
write(6*$) ' ' 
write(6,t) ' Analusis o t  Drop Profiles.' 
write(69t) ' Date is read in ?rom libreru files. ' 

c Constant srevitvr 1.  
~1=?79.6992a 

c Oren file for pas5 o? Pareaetern t o  LOCKWOOD. 
open (unit=l,file='GAMMA'~%tatu6='U~KN~W~', 

1 access='SERUENfIAL') 

write(l9t) ' ' 
writr(11t) ' Analusis o f  D r o p  Profiles.' 
wrate(lr*) ' n a t a  is read in trom libraru files,' 
w r i t e ( 1 ~ t )  ' ' 

c Ask. f a r  oiJtwJt direction. 
call fileor(nout) 

c O u e r r  f o r  inrut filengme. 
e write(6,f) ' ' 

write( 6 r 1000 f 
r cad( 5 F I O  10 ) f i 1 nam 

c Open input file, 
open (unit=2 I f i  l e = f i  Inorat statufi~'o1d' ?err=6) 
reuind 2 
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4 

write (nout 9 1010 
v r  i t e  ( nout 9 10 18 
write ( rlout r 1010 

u r i t e 6 b ~ f )  ' ' 
d O  7 

t Q I - J ~ T ~  f o r  t e m p e r a t u r e *  
7 w r i t e ( 6 ~ 1 0 1 0 )  'S E n t e r  temperature o f  data: ' 

read(5,Y,err=7,end=7) temp 
urite(lrl012) tomr 

c Ouerv f o r  density difference, 
write(b,*) ' ' 
urite(6vS) ' Densitv d i f f .  is outer Phase-inner Phasep' 
write(St*) ' invert if Picture is turned upside dom.' 
write(br2000) 

read(5, * p  err=8 1 del rho 
write ( 1 I 1012) del r h o  
write(6,t) ' ' 

8 write(At*) ' ' 
3 0  t o  9 

write(Br*) ' Error  in input, T r y  esain!' 
9.0 t o  7 

c The first line o f  input f i l e  i s  the  date and frame number, 
9 reed(2r1020) dat,e,frame 

c Read in from inrut f i l e  t h e  known r e t e r e n c e  length in centineters? and t h e  
c seasccred reference in units. 

read(2rlOlS) ~ C J P I ~ ~ G ~ P  

c Read in d r o p  shape data from t h e  experiment into X X  and Y Y  a r r a s s ,  
n=O 
write(l,l02O)date,Praae 

write(l9 1016)xx(ntl) ~ ~ ~ ( n t l )  
rl = n t 1 
90 t o  1 

2 close (uni t = 2 )  

c F~irlters far loading af arrays, 

1 r e a d ~ 2 r 1 0 1 5 r e n d = 2 ) x x ( n f l ) r r r ( n + l ) ~ ~ ~ ~ n t l ~  

nnl1 =Ti- 1 
nnl?=n-b 
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c F i n d  c e n t e r  O S  drop ,  

c Choose t w o  lasers9 one ailsrter end t h r e e  auarters o f  the minimum, 
st=O.25XrvO 
Y ~ ~ O ~ ~ S S ~ S O  
do 83 i = l v n m l  

if(uu(i).lt*ut) a0 to 64 
63 c o n t i n u e  

51 c a n t i n u e  

C 

c 
c2050 
c 
C 

c .  
C 

c 
c 
C 

c 
C 
C 
c85  

w r i t e l 6 r X )  ' ' 
w r i  t e ( 6 r 3 0 0 0 )  

readl5 F 3100) k s i d e  
3000 f o r m a t (  ' B  W h i c h  side? l = r i c J h t , O = l e f t r - l = b a t h :  ' )  



5 %  

3100 format(i2) 

110 

P 5  1-1 Ill 2 = rl 1 - 5 

c C a l c u l a t e  s c a l e  i n  c n . / u n i t  
sc <3 1 e =d cap / d 1 cap 
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c Loop to find c u r v a t u r e .  
i =6 

C do 99 i=6rrirs2 
if(i+st.S) go to 42 

if(i*St+naZ?) 8 0  to 97 
41 i=i+l 

42 test=obs(~rU/lO) 
iP(~bs(Y(i)-r(l))*ltrt9st) 30 to 97 

i f ( a b s ( r ( i ) - r r O ) . l t * t e s t )  do to 97 
91 con t i nue 

c T e s t  Tor colinearitr+ 
i f l m l . e a + m Z )  go to 600 
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208 
1 

1055 

99 

209 

2 1  1 

C 

C 

c 
C 

c 
C 

C 

21  0 

2030 
1 

2010 
1 

2 0 2 0  

1050 

1 0 6 0  

1070 

2060 

2079 

61 

1 X ?  ' su  

i f ( ~ n t X s u m x 2 - s u w x X s u m x ) . n @ 0 0 ~ ~  go to 99 
write( nou t  9 1055) 
format(PxP'5Po~e = infinitrr do a g a i n ! ' )  
so  to 42 

slope= (nttsumxr-sumxtsumr ) / I ntlsi~mx2-sumxXsumx) 
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c 



13 2 2 : 0 7  1 9 8 4  f i l r o r E f  Page 1 

1010 f o r m a t (  a )  
50 0 f a r m a t ( '  U h a t  file should t h e  o u t P u t  be s t o r e d  i n ?  ' )  
50 f f o r m a t ( ' $  A n u l l  response means s c r e @ n  o u C ~ u t :  ' )  
600 f o rat a t  < a 128  ) 

e n d  
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C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
c 
C 

C 
C 
C 

c 
C 
C 
C 
C 
C 

C 
C 
C 
c 

C 

s u b r o u t i n e  c f t 4 a  
s u l t i ~ a r a m e t r i c  c u r v e  f i t t i n s .  t r o s r a r n  $ 8  c f t 4 a  8% 
w r i t t e n  hu 1. meite5 
c h e m i s t r r  d e p s r t n s n t r  c l a r k s o n  colleSe o f  techno log^ 
p o t s d a a t r  n e u  r o r k  13676 
J s r l u a r r  15,1977 
t h i s  t r a n s l a t i o n  f r o m  b a s i c  t o  f o r t r a n - i v  ~ 8 6  d o n a  i n  such a 
a s  t o  h e  3s f a i t h f u l  t o  t h e  b a s i c  v e r s i o n  as P o s s i b l e .  mo5t 
v a r i a b l e  names and p e r t i n e n t  s t a t e m e n t  n u m b e r s  h a v e  b e e n  r e t a i n e d  

d +  e r n o l d ,  d .  m u r t l o w r  a n d  S +  s h i a  -- t r a n s l a t o r s  

i n p u t  d a t a :  
when u s i n s  t h e  ea11 r e a d  d r i v e r  f o r m a t  r e a u i r e r n e n t s  a r e  n o t  
n e c e s s a r y .  d a t a  i n p u t  on c a r d s  s e p a r a t e d  b r  commasI i n t e 3 e r  
n u m b e r s  m u s t  n o t  h a v e  B d e c i m a l  P o i n t  a s s o c i a t e d  w i t h  t h e m ,  
card-1: 

c a r d - 2 :  
h e a d i n g  f o r m a t ( 8 0 a l )  

t t l  p l o t  f o r m a t ( 3 i l )  
t -- random e r r o r s :  l = r e l a t i v e r  O = a h s o l u t e  
t l  -- s i ~ n s  o? p a r a m e t e r s :  l = s i s n s  c e r t a i n 9  O = s i s n s  u n c e r t a i n  
r l o t -  p l o t  of d e v i a t i o n  P a t t e r n :  O=nor l = r e s  

P i o  n l  d O  f o r m a t ( Z i J ~ i 4 r f 6 . 4 )  
P -- p r i n t  cycle: 0 - f i n a l  cvcla o n l r t  P > O = e v e r u  p t h  c y c l e  
i o  -- n u r h e r  o f  p a r a m e t e r s  (1-12) 
nl -- number  o f  d a t a  p a i n t s  ( U P  t o  100) 
l o  -- i n i t i a l  r e l a t i v e  i n c r e m e n t  u i d t h  

c a r d - 3 :  

n e x t  i o  c a r d s :  i n i t i a l  es t imates  o f  p a r a m e t e r s  format(el0.5) 
n e x t  n l  c a r d s :  d a t a  P o i n t s  o n e  x9 one Y per c a r d  format(2el0.5) 

i m P l i e i t  r e a l  (a-ora-z) 
i n t e d e r  p r ? 2 r r 3 , ~ ~ , r 6 1 ~ l o t , J e o i J n t , f i t e s t  
i n t e de r i I i 1 P i 0 J 9 .im i r~ t k I k kk.k I ri 9 n 1 9 nm 1 9 nm2 I n e  >: t P 9 s 2 I s3 9 t 9 t 1 
i n t e s e  r i 7 i 0 9 I J m  i n P k k k k  I n I n 1 I nm 1 3 nm2 9 n e x t p  v s2 I s3 9 t 9 t 1 

C 
C 

l a s i c a l l r l  head(80) 
i n t e g e r  h e a d ( 8 0 )  
c h a r a c t e r X 1  h e a d ( 8 O )  
common /ma i n /  x ( 200 ) P Y ( 2 0 0  ) P r 0 I t h i P b e t a  9 nm 1 9 na12 P J m  i n 
comman/comcal /  cl iff  ( 2 0 0 )  , e r r s u m ,  J e o u n t  I f i t e s t  ( 2 0 0 )  
c a m m o n / c o m f i t /  x c ~ 2 O O ~ ~ ~ c ~ 2 0 0 1 t v ~ 1 2 ~ r u o , s , i 0 , n l r t , t l ~ d ~ l 2 ~  
c o r a a n / c a r n d e v / o u t 2 (  100) 
common / o u t p u t /  n o u t  
d i m e n s i o n  ~(12)rss(12,2),~(12) 
i n t e se r 1 o u t  t 1 i np ? n a u  t 

C i n i t i a l i s e  d a t a  
C 

c 
1 o u t  =nou t 
t = O  
w r i t e ( 6 ? 2 0 0 0 )  

r e a d ( 5 r t )  t l  

r l o t = l  

2 0 0 0  f o r m a t (  ' B  Inrsut t l :  l = s i * r t s  c e r t a i n ;  O=sisnz .  u r l e e r t a i n :  ' )  

3100 f o r m a t ( i 3 )  



6 9  

p=10 
i O = 2  
nl=nm2 

v(l)=bC?t.a 
v t  2f=r0 
d a t a  linP/11/ 
write(loutF3000) head 
write(lout~3333) tptlrPlot 
w r i t e I 1 o r ~ t  9 3334 ) P I i 0 I n 1 t d0 

3333 fnrmat(3i3) 
3334 forrat(3(i3) 9 f 6 , 2 )  

writel lout 93100) 
d o  18 i=iriD 

d(9=0 4 1 

e The next l i n e  writes the value o f  v(i) in the file GAMHCI, 

18 

19 

20 
C30 

30 

31  
I54 

6 h  

69 

100 

1 3 2  
1 :I. 3 

121 
125 
130 



70 
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a i s  

325 

326 
330 
33 1 

3 35 
336 
34Q 
341 

350 
355 
360  
36 1 
365 

375 
376 
377 

400 
40 1 

4 1 2 
420 

4 4 0  

342 
450 

402  

484 



7 2  

45 1 if(t-1) 4521454~452 
4 5 2  o u t b = s a r t ( d i f f  (n )  )%dsign 

$0 to 456 
454 continue 

c 454 o u t l = ( r ( n ) - ~ ( n ) ) / s a r t ( ~ ~ s ( ~ ( ~ ~ ~ ~ ( ~ ~ ) ) )  
4 5 6  write(hpt)'at 4 5 6 .  

wriCe(5?3BQO)ss2 
if(ss2.eca.O.) go ta 500 

0 IJt 2 ( n ) =OUt 1 /5 S 2  
write(61%)'552=0,' 

if(fitest(n)) 5QO15001510 
5 0 0  write(6r*)'here at 5 0 0 '  

write(laut14175) : c ( n )  ~r(n) ,out1 
540 to 920 

5 1. 0 write( loutr430O) x(n) ~r(n) r>:c(n) ~rc(n) tout1 
3 2 0  if (n-1) 457~459~457 
457 if (int(si~n(l.roIJta(n)))-P3) 459,4581459 
458 ~ 2 = ~ 2 S 1  
459 P3sint(si~n~l.,out2(n))) 
460 continue 

df=float(nl-l) 
c h i 2 = f l a a t ( ( 2 l P 2 - i n t ~ ~ ~ f ) ) * ~ 2 ) / ~ f  
if(t-1) 454~468~464 

4 6 4  wri teC lout ,44001 ~ 1 1 5 ~ 2 9  chi2 

468 write(loutr4500) 5lrSS29chi2 
470 if (plot-1) 4?0?472?490 
4 7 2  c a l l  Platl(head) 
490 return 

c 9 0  0 

3 0 0 0 f o r w  a t ( 4 4h 1 m 1.1 1 t i pa P ame t r i e CIA r v e  f i t t i nd P PO$ ram c f  t 4 a /  1 h O  I 8 08 1 ) 
3100 format(33hOinitial estimates o f  r a r a m e t e r s : )  
3200  f o r m a t ( 3 x I 2 h v ( I i 2 ? 2 h ) : 1 2 x r B P e l J . 6  
3 3  00 f o r m a t 1 h O  I 5:< 9 1 1 h i TIP u t data /6 I: I 1 hx 9 1 9 x  9 1 hr I 1 7): I 1 h w P 17x I 1 h z ) 
3400 form a t  I x t 1 ~e 13 + 6 I 5 x  I 1 pe 13.6 9 5w I 1 pe P 3.6 t 5n f 1 pe 13 + 6 1 
35 00 f o r ma t 2h  0 i I 1 O x  9 4 hv ( i ) I 1 3x I 4hd ( i ) I 1 2w 9 Shs ( i I 1 ) 9 1 1 I: I 6 h5 ( i I 2 1 ) 
3 600 f 0 r iita t 26hQ i n i t i a 1 i nc rem en t w id t h : 
3 7 0 0  f 0 r m a t  f 1 :.: I i 2 I 3:.: I 1 pe 13 I 6 9 5:.: I 1 ? e  1 J 6 I 5x I 1 ~e 13 6 I 51: P 1 p e  13 + 6 ) 
3 8 0 0 f o I- R a t 7 h c c 1 e # I i 4 I 1 O x  I 4 h s 1 : 

I t i on 5 P 4:.: ? i 4 I 4x I i 4 I ' PO i rit, s f i t ' / /  ) 
4000 f o r r n a t ~ l h O ~ i 3 ~ S h  c r c l e s )  
i-4100 f o r m a t  (ih0~'41OO'/lhOt80~l) 
~ 4 1 0 0  .Format(lOhO at 4100 1 
c4100 .format( lhOr5:.:9 llhinrut d a t a : )  
c 4 10 0 
4 1 00 f o r P a t 1 hO I 6:.: 7 1 hx I 12x I 7hr I me a5 I 1 O x  I 7 hx I ca 1 c I 9:.: I 7hr I c s  1 c + v 7:.: I 1 Ohd 

liff?(m-c!/lh0,80al) 
4 1 5  0 f o r m a t ( 1 h0 I 4:.: I 3hme t 9 1 2 ~  I 3hmo h I 1 2 ~  P 7hm2 ( E)  h ) 2 I f 3:.: I 3 h m o  h I 13x I 1 htr 
'11.70 f o r m a t  (lx,5(lre13+6,3x)) 
41.75 format 
c 4200 
4 2 0 0 

4300 f o r m a t , (  1:.:15( lre13+613x)) 

SlO t0 4?0 

900  c o n t i n ? J e  

r e t  IJ r 1-1 

w r i t e ( 1 aut I 9000 ) k k kk. I v ( k k k k  

I 1 pe 10 4 ) 

I 3 x I 1 P e 13 + 6 I 10 :.: I 2 1 hn 0 .  o f  e :.: t pa P o 1 a 

f o r  mat ( 1 h 0 9 5:i F 8 hh e re 4 100 ) 

f o r  ilia t I 1 hO I 5:.: I 8hhe r e4200 ) 
f o rma t C 1 h 0 I 6:.: I 1 h x  I 1 2 ~  ? 7 h  Y I me a5 I 9:.: I 7 hr 9 ca 1 c + I Si: I 9 h re 1 . d i f f + t 9:.: I 9 h 

1 d i f f + / r sd /5  1 :.: I 1 4 h ( rn -c  ) /sa r ( n i t  c 1 ) 
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The following data are used a s  input.  d a t a  f o r  the drop shape 
program. The o u t p u t  one would e x p e c t  fro s u c h  an input 
f o l  lows. 

020584 
0.11110, 
5 L 08000 , 
4.97840, 
4.90220 , 
4 .  '77520 , 
4 . 6 7 3 6 0 ,  
4.54660, 
4.44580, 
4 .31000 ,  
4.24180, 
4.I4O2O9 
4.ON40 , 
4.08940 > 

4 .6)8940, 
4.14020, 
4 . 2 1 6 4 0 ,  
4.39420, 
4.59740 p 

4. $7880 > 
5.18160, 
5 .48640  
5.7%20, 
6 . 2 2 3 0 0  
6.70560, 
7.13740 , 
7 . 3 9 1 4 0  
7.199780, 
8 f 0 5  180 8 

8 . 4 5 8 2 0 ,  
8 . 7 6 3 0 0  p 

9.194863, 
9.88060, 
9.197900, 
9.65200, 
9. !525OO, 
9 . 4 4 8 8 0 ,  
9.37260 

1 
6.19713P 
-2.51460 
-2,92100 
-3.27660 
-3,58140 
-3.91161) 
-4.26720 
- 4 . 6 4 8 2 0  
-5.08000 
-5.46100 
-6.01980 
-6.32460 
-6.7056 
-7.08660 
-7.49300 

7.92480 

-8.83920 
-9.22020 
--9.52500 
--9.86440 
-9.98220 
-10.21080 
-10.36320 
-10.38860 
-10.38860 
-10 .33780 
- 10.201700 
-1Q,-IO920 
-9.88060 
-9 .55040 
-4.31800 
-3.96240 
.. 3.55600 
-3.20040 
-2.84480 
-2.56540 

- a .  43280 
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OUTPUT FRUH THE DROP SHAFE EVALUATION OF INTERFACIAL TENSION 

the folleuing t i l e  rasrrlts f r o m  the u$. of the ' f i O O 2 '  t i l e  to thQ conniled 

vermian o f  the drop-share FORTRAN 77 p r o a r m  uhich is residant on thr LHC Hreaaicro c o m r u t c r .  
The 'ROOZ' d a t a  a?@ taken I r o n  the orilinal Bashford and AdPam data f o r  L %ribstance uith an interfacial 
ten$ion of  8.7 drnee/c8. The ncthod a??e@rs to be sound but nerds mare tes t in . .  

t r * ; ; X * l t r l f ) t : : t : t i * ~ ~ ~ * * * t 8 * * 1 I * * ; * 8 8 ~ ~ * ~ * $ ~ 8  
8 roo2  
X I ~ ~ ~ t * U X I t * i t * t 8 l * * t r t l * r t * l t * t . L X X L r * t ~ ~ 8 ~ f  
Usinll ridht s i d e  o f  dror 
i ::( 1 )  vu( I 1 X 3 , W S  rl(i) xssruas r Z ( 1 )  E 

7 2.3471, 1.1938 -.34Ov 3.377 3 . 4 6 2 1  0 . 0 1  3.1013 3.0245 
8 2.6011r 1.9494 - . 4 4 S t  3.429 3.5796 0.01 3.1547 3.0566 
9 2.8043~ 1.9304 -0442, 3.398 3.5621 0101 3.1981 3.0775 
io 2 . ~ 3 1 3 ,  :.sit4 -.725, 3.637 3.eaw 0.0,  3.3738 1.1179 
1 1  3 . 0 3 2 9 .  2.7178 -1,077~ 3.725 4.2315 0 . 0 s  3.4610 3.1227 
12 3 . 1 0 9 t r  3.0734 -1.2201 3.754 443790 0.01 5.5479 3.1451 
13 3.1345, 3.4290 -1.7251 3.792 4,8709 0 . 0 ,  3.6632 3.1433 
14 ~ , i 0 9 t ~  3 . ~ 3 0  - 2 . a ~ ~ .  3.823 5 . 9 9 6 0  0 . 0 ,  3.7555 3.1100 
15 3.134S1 4.1148 -2.679, 3.857 5 , 8 1 9 7  0.01 349757 3.1376 
16 3.0837r 4.4958 -3.792, 3.903 b.9101 0 . 0 .  4.1848 3.0394 
17 5.00751 448768 -6.0281 3.463 9.1455 0 . 6 r  4.4063 3.0441 
18 2.9059~ s.3086 -8,345, Z,PW ii.48as o.o t  4,7089 ZeP672  

s c a l e -  .01793 ca./unit origin. 7.178.-10.389 delrho- -1.154 

sdxu=-l.l7084e+01 5dxZo 2.33426ctO2 sdv2- 5.97634~01 6drvu- 1.94241.-02 

T O =  2.8970 

~ u r f a c e  Cen01on- 7.243 rlrne/c* + / -  -1.162 

t h e  correlation c o e f t .  is: -.9913 

f * t * * l 8 8 * * t * t * * * * l l l  
lmultirrrametric curve fittind r r o d r i n  cft4. 
0 

0 1 1  
lo 2 23 .lO 

Oinitial estimates o f  raronetersf  
Y (  11:  -J.OlSG8Ze-O? 
v (  2 ) :  2.897028rt00 

0 input data: 
A Y Y 

2.135243~-01 0.000000etO0 
6.199245s-01 5.080032e-02 
8.739243e-01 1.016006a-01 
1.2803ZSctOO 2.79400ee-01 
1.S8S124ctOO 5.080004e-01 
2 . 0 1 6 P 2 5 e t 0 0  8.382006e-01 
2.547124atOO 1.193800et00 

,619 
I 607 
.606 
"578 
.557 
s $46 
* 523 
.488 
.491 
s 467 
.438 
. 4 2 4  
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ct 1 17:45 1984 rrrort F a d e  2 

2.60112:etOO 
?.804324et00 
2 ,  '? 3 1 32 4 e  t 00 
.;. O.!?V35et00 
3.159114et00 
3.1;45;4et00 
i .  1,391'4et00 
3.12452Srt00 
J .  @as7?4c.t00 
3.007524rt00 
2.905025etOO 
1.8043?4et00 
'.?03734et00 
2.601125itOO 
3.474125et00 
2.347124et00 

I Incrraent 4 ira I 1.1 a I 

cycle4 
II 

cycle# 

crcleb 

crclet 

crcle4 

crclet 

cycle# 

cycle4 

crclet 

cycle4 

cycle# 

crclet 

cycle* 

1.549400et00 
1.930400et00 
2.311400et00 
2-71 7800et00 
3.073400et00 
3.429000et00 
3.683001et00 
4.114800et00 
4.495800et00 
4.876801et00 
5.308600et00 
5.715000et00 
6.070601et00 
6.426?00et00 
6.832601otOO 
7.188200et00 

uldth: 1,0000r -01  
v ( i )  

0 s 1 :  

0 51: 

1 51: 

1 51: 

9 5 1 :  

51: 

3 51: 

3 s1: 

4 sl : 

4 s1: 

5 1 :  

s1: 

6 5 1 :  

d ( i )  
2.681719e-02 

2.681719~-02 

5.103913et00 

5.103913et00 

1.160797etOl 

1.160797et01 

1.464638etOl 

1.464638et01 

1.431373et01 

1.431373et01 

1.5A?501et01 

1.562501et01 

1.556560etOl 

s(1.l) S(l.2) 
no. o f  extraPola tion 

n o .  of extrarola tion 

no. of extrapala tion 

no. of extrarola tion 

no. of extraPola tion 

no. o f  extrapala tion 

no, of extrarola tion 

no. o f  e x t r e r o l a  tion 

no. of eutrsrola tion 

no. o f  extraPola tion 

no. of extrapala tion 

n o .  o f  extrapole tion 

n o .  of extraPola tion 

0 23~oints fit 

Q Itpoints fit 

0 23~ointr fit 

0 ?lwintr fit 

0 llrointr fit 

0 ZOPoints fit 

0 2Orointr fit 

0 2lPoints f i t  

0 Zlrointr fit 

0 Zlroints fit 

0 Zlpoints f i t  

0 2Oroints fit 

0 2Opoints fit 



77 

act 1 17:45 1984 rerort P a m  3 

cwcleb 6 3 1 :  1;55b360ctOi no, o f  extrrrols tion 0 

cnc1.l 7 s1: 1.583790.tOl no, o f  e#trarolr tion 0 

crclrl; 7 s1:  1.S8~79VCtOl no. o f  extrrrolr tien 0 

cnclel I 61:  1.545168rtOi no. o f  cxtrarolr tion 0 
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