
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Mass Transport from Single Droplets in Imposed Electric Fields
R. M. Whama; C. H. Byersa

a Chemical Technology Division Oak Ridge National Laboratory, Oak Ridge, Tennessee

To cite this Article Wham, R. M. and Byers, C. H.(1987) 'Mass Transport from Single Droplets in Imposed Electric Fields',
Separation Science and Technology, 22: 2, 447 — 466
To link to this Article: DOI: 10.1080/01496398708068963
URL: http://dx.doi.org/10.1080/01496398708068963

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398708068963
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY. 22(2&3). pp. 447466,1987 

Mass Transport from Single Droplets in Imposed Electric Fields 

R. M. WHAM and C. H. BYERS 

CHEMICAL TECHNOLOGY DIVISION 
OAK RIDGE NATIONAL LABORATORY 
OAK KIDCE, TENNESSEE 37831 

ABSTRACT 

The influence of electric charge phenomena on mass 
transfer in systems involving droplets in a continuous 
medium is of increasing importance. The enhanced 
transport behavior of droplets in imposed fields on 
mass transfer and the influence of naturally occurring 
charges on droplets, particularly in the atmosphere, 
are both subjects of current interest. The objective 
of this study is to elucidate the hydrodynamic and 
mass transfer effect of imposed fields on charged 
single droplets. Investigations of both static and 
pulsed electric fields are reported. 

The experimental approach is based on the suspension 
of single droplets in a precisely machined expanding 
channel. A stationary, saturated water droplet is 
fluidized by the upflow of 2-ethylhexanol. This 
arrangement allows precise photographic monitoring 
of droplet size and shape as well as the hydrodynamics 
of both phases in the region of the interface. 

Baseline continuous-phase mass transfer studies with 
internally circulating droplets corroborate earlier 
studies with the same system. The effect of the 
accumulation of unavoidable surfactant on droplet 
circulation and mass transport rate at long exposure 
times is reported. The imposition of a static 
electric field in the axial direction caused 
distortion of droplets into prolate spheroidal 
shape. 
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448 WHAH AND BYERS 

An electric field pulsed at a tuned frequency is 
observed to cause oscillation of droplets between 
prolate- and oblate-spheroidal shapes. In addition 
to frequency and field amplitude, the interfacial 
properties of the fluid system as well as viscosities 
and densities of the two phases influence the oscil- 
lation. The effect of the pulsation of the field on 
mass transfer to the continuous phase is reported. 
These data are compared with results for both non- 
oscillating mass transfer and theoretical models. 

INTRODUCTION 

Mass transfer between immiscible liquid phases, generally 
referred to as solvent extraction, is a technique used for separation 
and purification of chemicals into final form. Solvent extraction 
is used in many industries such as petroleum refining, chemicals 
manufacture, metals processing, and nuclear fuel reprocessing. 
Therefore, any improvement in the efficiency of solvent extraction 
will have broad implications. 

One serious problem encountered in solvent extraction is that 
the processes are rate limited by interfacial mass transfer. In 
addition to diffusional properties, rate depends on the hydrodynamics 
of the contacting phases and the extent of contamination of the 
interface with surfactants. Since transport between droplets and 
the continuous phase accounts for most of the mass transfer between 
phases in extractors, it is important to the various regimes of 
convective diffusion which occur. These include: (1 )  stagnant drop, 
where the drop is in a quiescent solution experiencing only diffusion 
and natural convection; (2) rigid drop, where fluid flows past the 
drop but the interface does not move; (3)  circulating drop, where 
fluid flows past the interface and the interface moves with the 
fluid, establishing flow cells in the drop; and (4) oscillating drop, 
where drops are stretched periodically into oblate and prolate 
ellipsoids. Obviously dispersion and coalescence associated with 
high shear fields are important contributors to mass transfer but 
are more properly discussed separately. 

Most processes rely on mass transfer enhancement through an 
increase in surface area by using small drops or by an increase in 
convection from mixing the streams. Both of these can have serious 
drawbacks and complications. When very small droplets are used, 
the drops can become entrained in the continuous phase hindering 
coalescence and make phase separation difficult and, in the limit, 
impossible. Because of the scale of turbulence imposed on the 
continuous phase, small drops can act like rigid spheres with very 
little interfacial motion and, hence, low local transport rates. 
Mixing involves mechanical agitation and internal moving parts. 

Mechanical agitation requires energy input to the bulk fluid, most of 
which is inefficiently used. Generally, fluid close to the impeller 
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MASS TRANSPORT FROM SINGLE DROPLETS 44 9 

is  well mixed but f l u i d  f a r  away is poorly mixed. When the  mechani- 
c a l  device breaks down t h e  un i t  must be shut  down and opened up f o r  
s e rv i ce  - sometimes a dangerous and cos t ly  operation ( p a r t i c u l a r l y  
where hazardous materials a r e  used). 

Thus, one p o t e n t i a l  method of enhancing mass t r a n s f e r  i s  t o  pro- 
mote convection which is focused on the  i n t e r f a c i a l  region. The use 
of drop o s c i l l a t i o n  i s  one such means. Droplet o s c i l l a t i o n  occurs 
n a t u r a l l y  as a consequence of wake shedding. When a l a r g e  drop f a l l s  
under the  inf luence  of g rav i ty  i n  a continuous medium, the  drop 
develops a wake and forms an ob la t e  spheroid. A t  some point the  
drop w i l l  shed i t s  wake causing i t  t o  a l t e r  i ts  shape toward a pro- 
la te  form a f t e r  it r e l eases  the  wake. The process repea ts  i t s e l f  as 
the  drop f a l l s  through the  medium. The change i n  shape is  minimal i n  
most cases. However, i f  conditions a r e  r i g h t ,  t h a t  is, i f  t he  drop 
is the  co r rec t  s i z e  f o r  i ts na tu ra l  frequency t o  match the  shedding 
frequency, i t  w i l l  o s c i l l a t e  a s  it f a l l s .  Lamb (1) performed a 
s t a b i l i t y  ana lys i s  on drople t  o s c i l l a t i o n  which predicted o s c i l l a t i o n  
frequency as a func t ion  of v i scos i ty ,  i n t e r f a c i a l  t ens ion ,  and den- 
s i t y  d i f f e rence  between the  two phases. Schroeder and Kintner (2)  
developed an empir ica l  modification t o  Lamb's equation which 
accounted f o r  t he  magnitude of the  s t r e t ch .  

Thus i t  can be seen t h a t  d rop le t  o s c i l l a t i o n s  can enhance mass 
t r a n s f e r  but continued o s c i l l a t i o n s  requi re  an energy input  t o  the  
drople t .  Energy input can be mechanical, e l e c t r i c a l ,  o r  magnetic. 
Loshak and Byers (3)  found t h a t  mechanical energy i n  t h e  form of 
sound waves i s  not an e f f e c t i v e  method of sus t a in ing  o s c i l l a t i o n s .  
Loshak and Byers s tud ied  d rop le t  o s c i l l a t i o n  frequency and decay of 
o s c i l l a t i o n  using sonic  energy t o  fo rce  drople t  o s c i l l a t i o n .  They 
found t h a t  in f luence  of the  sonic  energy damped out r ap id ly  as t he  
drop f e l l  away from the  o s c i l l a t i n g  sur face  where i t  was formed, thus 
d rop le t  o s c i l l a t i o n  decayed. The na ture  of t he  o s c i l l a t i o n  decay 
ind ica ted  t h e  presence of su r fac t an t  a t  the  in t e r f ace .  

The cur ren t  required t o  produce a cont ro l led  magnetic f i e l d  
r a i s e s  the  p o s s i b i l i t y  t h a t  high energy cos t s  might d e t r a c t  from t h i s  
means of d r iv ing  o s c i l l a t i o n .  E l e c t r i c  f i e l d s  cause d r o p l e t s  t o  
deform i n  the  d i r e c t i o n  of t he  f i e l d  and requi re  high vol tage  but 
very l i t t l e  cur ren t  assuming t h a t  t h e  continuous phase i s  r e l a t i v e l y  
nonconductive. The e f f e c t s  of e l e c t r i c  f i e l d s  on the  deformation and 
s t a b i l i t y  d rop le t s  was s tudied  by Lord Rayleigh ( 4 ) .  
reported t h a t  an aqueous drop i n  an e l e c t r i c  f i e l d  w i l l  deform along 
t h e  f i e l d  l i n e s .  The drop s t a b i l i t y  s tud ie s  allow us t o  p red ic t  a 
maximum charge t o  mass r a t i o  which is re fe r r ed  t o  a s  the  Rayleigh 
l i m i t  o r  Qb. When the  c r i t i c a l  charge t o  mass r a t i o  i s  exceeded, 
t h e  drop w i l l  f i s s i o n  off small daughter drops t o  remove a por t ion  
of t he  charge. 

Lord Rayleigh 

A t  ORNL mass t r a n s f e r  from aqueous drops t o  an organic continu- 
ous phase wi th  continuous phase cont ro l  w a s  s tud ied  by Clinton ( 5 )  
f o r  the  case of r i g i d  and f u l l y  c i r c u l a t i n g  drops. Clinton used a 
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WHAM AND BYERS 450 

tapered column fabricated from Lucite which had a converging section 
at the bottom and diverging section at the top where the drops were 
fluidized as shown in Fig. 1.  He found that the converging section 
at the fluid entrance was critical in maintaining droplet hydro- 
dynamic stability. 
upflow of continuous phase organic varying flow rate so that the drop 
could remain stationary with respect to the laboratory reference 
frame. A box camera with a 327mn macro lens was used to observe drop 
size during an experiment. First Clinton studied water droplets on 
whose surface surfactant had been sorbed, halting any internal cir- 
culation. The Sherwood number, Sh, for those rigid drops could be 
related to the drop Reynolds number, Re, and the continuous phase 
Schmidt number, Sc, as 

Clinton fluidized a denser aqueous drop by an 

Sh = 0.99 Re0*42 

0.2 < Re < 20 . (1) 

For fully circulating water drops, Clinton studied only a system 
which with a constant Sc (35,700) in the Re range 1.7 to 13 yielded 
the following relationship 

Sh = 114 ( 2 )  

The mass transfer coefficient, K, at a given Reynolds is a factor of 
approximately four to five higher in the circulating case. 

Given the work of Clinton on nonoscillating droplets and reorga- 
nizing that, it would be preferable to observe droplets in a sta- 
tionary frame of reference; we build our experiment around this 
experimental idea. The imposition of a field (electric in this 
study) to cause oscillation of droplets which could be predicted to 
enhance mass transport is the subject of the remainder of this paper. 

THEORY 

The phenomenon of droplet oscillation has been observed by 
researchers for many years. Lamb (1) developed a linearized oscil- 
latory solution of the continuity equation caused by gravitational 
oscillations of a liquid sphere with the objective of predicting the 
natural frequency. Lamb assumed that the liquids were incompressible 
and inviscid. The oscillation frequency depends on drop size and 
density difference between the two phases and is given below: 

The solution predicts several modes of oscillation with the n = 2 
mode being the dominant mode. 
between prolate and oblate forms, while for n = 3 a 3-lobe oscilla- 

For n = 2 the drop shape oscillates 
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CONTINUOUS 

-CONTINUOUS PHASE 

ELECTRODE 

DISPERSED 
PHASE 

DROPLET 

CONTINUOUS PHASE 

F i g .  1. The experiment centers around a fluidized water drop 
in a continuous phase of 2-ethylhexanol. 

tion occurs, n = 4 has 4 lobes and so on. 
compression, while a value of n = 1 is translation, and thus are not 
applicable to oscillation. 

A value of n = 0 describes 

Schroeder and Kintner (2) extended the analytical solution of 
Lamb to account fo r  amplitude of oscillation. Their work, which is 
empirical, was based on high speed films of oscillating drops in 
several systems. The variation in amplitude of oscillations over a 
cycle was assumed to be sinusoidal from oblate to spherical and then 
prolate form. The modification proposed to the Lamb equation was an 
empirical factor b in the frequency correlation. 

( 4 )  
yb n(n + l)(n - l)(n + 2) 
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45 2 WHAM AND BYERS 

where 

b = 0.805 r0.225 . (5) 

Based on f i r s t  p r i n c i p l e s ,  Miller and Scr iven  ( 6 )  extended the 
work of Lamb f o r  the g e n e r a l  case of v iscous  f l u i d s  under t h e  
i n f l u e n c e  of g r a v i t y .  The r e s u l t s  account  f o r  t h e  v i s c o s i t y  of t h e  
two phases. 

(6) 
(2n + 1>2 (WL Q W P D P C ) ’ ’ ~  

2 K r (uDpD)1 /2  + ( v c p c ) 1 / 2  
WMS = 6lL - 

The Miller and Scr iven  a n a l y s i s  a l s o  t a k e s  i n t o  account damping of 
n a t u r a l  o s c i l l a t i o n s  due t o  v iscous  d i s s i p a t i o n  of energy i n  a boun- 
d a r y  l a y e r  near  t h e  s u r f a c e  of t h e  drop. The damping c o e f f i c i e n t ,  T, 
is g iven  by 

Loshak and Byers s t u d i e d  d r o p l e t  o s c i l l a t i o n  and decay of o s c i l -  
l a t i o n  us ing  a n  o s c i l l a t i n g  s y r i n g e  needle  t o  f o r c e  d r o p l e t  o s c i l l a -  
t i o n  ( 3 ,  7 ) .  The o s c i l l a t i o n  f r e q u e n c i e s  agreed w e l l  w i t h  Miller and 
S c r i v e n  but  decay rates were h i g h e r  than  p r e d i c t e d ,  p o s s i b l y  due t o  
t h e  accumulat ion of s u r f a c t a n t  i m p u r i t i e s .  

Ramabhadran (8) expanded t h e  work of Loshak and Byers t o  examine 
t h e  e f f e c t s  of s h e a r  e l a s t i c i t y  on t h e  decay of o s c i l l a t i o n s .  The 
pr imary t h r u s t  of t h e  s tudy  w a s  d r o p l e t  s t a b i l i t y  d u r i n g  o s c i l l a t i o n  
and not  drop hydrodynamics. Ramabhadran found t h a t  s u r f a c t a n t s  at 
t h e  i n t e r f a c e  dominated t h e  o s c i l l a t i o n  decay r a t e .  

Turning t o  mass t r a n s f e r  from d r o p l e t s  enhanced by o s c i l l a t i o n s ,  
Rose and Kin tner  developed a model based on p e n e t r a t i o n  t h e o r y  and 
s i n u s o i d a l  o s c i l l a t i o n s  (9 ) .  The mass t r a n s f e r  c o e f f i c i e n t ,  K, i s  

+ (ao + ap I s i n  u t  I 12 1 l + a  - I n  - 
2a I - a  
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MASS TRANSPORT FROM SINGLE DROPLETS 

in which 

4 5 3  

[ao2b - (a - xo)2(bo - xo)] - 2abxo + bxo2 
(11) fl(t) = 

a2 - 2ax0 - xo 2 
Angelo and Lightfoot extended penetration theory to account for 

stretch at the interface (10). They developed a model based on the 
assumption that velocity at the interface was related to the change 
in surface area and the velocity component, vy, in the continuity 
equation caused the mass transfer enhancement. Symbolically, the 
continuity equation becomes: 

ac ac a 2c 
at + V Y - =  '7 - (12) 

and using the assumption that velocity in the y direction is propor- 
tional to the rate of change in surface area, S,  

. a  vy = -y (Ins) . 
After substituting $9. (13) into Eq. (12), separating variables, and 
integrating, the average mass transfer coefficient K is given as 

The authors reported that their model and the Rose and Kintner model 
agreed within about 15%. 

Other approaches to modeling mass transfer from oscillating 
drops have been highly empirical. One such approach to convective 
mass transfer is presented by Boyadzhiev et al. (11). Boyadzhiev 
- studied mass transfer from oscillating drops and suggested a factor 
R be used as a premultiplier of diffusivity. The product is then an 
effective diffusivily which depends on convection. 
plotted the factor R vs Reynolds number for 10 < Re < 200. Hence, 
the effective diffusivity is an empirical approach to attempting to 
account for drop hydrodynamics. 

Boyadzhiev 
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454 WHAM AND BYERS 

Recent e f f o r t s  by Chalabreysse ( 1 2 )  and Mar t in  and Vignet ( 1 3 )  
i n d i c a t e  t h a t  d r o p l e t  o s c i l l a t i o n s  y i e l d  s i g n i f i c a n t  i n c r e a s e s  i n  
mass t r a n s f e r .  The experiment i s  based on a p p l i c a t i o n  of h igh  
v o l t a g e  AC c u r r e n t  t o  t h e  i n l e t  nozzle  of an e x t r a c t i o n  column. 
Droplet  s i z e  v a r i e d  from -.08 c m  t o  -.45 c m  depending on t h e  a p p l i e d  
f i e l d .  The a p p l i e d  f i e l d  has  two e f f e c t s ,  t h e  d r o p l e t  s i z e  i s  now 
c o n t r o l l e d  by t h e  a p p l i c a t i o n  of an e l e c t r i c  f i e l d  and t h e  column 
can  o p e r a t e  i n  t h e  d r o p l e t  s i z e  range where t h e  d r o p l e t s  are l i k e l y  
t o  o s c i l l a t e .  
v e l o c i t y  through t h e  column t h u s  i n c r e a s i n g  convect ion.  Mass 
t r a n s f e r  c o e f f i c i e n t s  i n c r e a s e d  d r a m a t i c a l l y  (200%) but  t h e r e  appears  
t o  be no d e l i n e a t i o n  by Mart in  and Vignet between t h e  regimes of 
mass t r a n s f e r  ( i . e . ,  r i g i d  drops ,  c i r c u l a t i n g ,  o r  o s c i l l a t i n g )  o r  
t h e  e x t e n t  of convec t ive  m a s s  t r a n s f e r  which are used as a b a s e l i n e  
case. Hence, i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  between t h e  e f f e c t s  of 
o s c i l l a t i o n ,  i n t e r n a l  c i r c u l a t i o n ,  and convect ive mass t r a n s f e r .  

The electric f i e l d  w i l l  tend t o  i n c r e a s e  d r o p l e t  

The e f f e c t  of e lec t r ic  f i e l d s  on d r o p l e t s  suspended i n  f l u i d s  
has  been examined by S t r a t t o n  ( 1 4 )  and O'Konski and Harris (15). 
When a conduct ing l i q u i d  d r o p l e t  is  placed i n  a quiescent  noncon- 
d u c t i n g  l i q u i d  and exposed t o  an e l e c t r i c  f i e l d ,  t h e  drop deforms 
i n  o r d e r  to balance  electric and s u r f a c e  f o r c e s .  The deformation of 
t h e  drop shape can be c h a r a c t e r i z e d  by t h e  drop e c c e n t r i c i t y  e where 

( a  i s  t h e  major a x i s  of t h e  drop and b i s  t h e  minor a x i s ) .  The sum 
of e l e c t r i c  f o r c e s  and s u r f a c e  f o r c e s  can c h a r a c t e r i z e  t h e  drop 
shape i n  terms of e. 

For  s m a l l  v a l u e s  of e, 0 < e < .7 

Upon i n s p e c t i o n  of t h e  prev ious  equat ion  one f i n d s ,  f o r  a g iven  
system and drop s i z e  

E" 

The form of t h e  equat ion  f o r  e given above i n d i c a t e s  t h a t  i n t e r f a c i a l  
t e n s i o n  i s  a f a c t o r  which determines t h e  amount of s t r e t c h i n g  ( i . e . ,  
ampli tude of o s c i l l a t i o n )  at a g iven  f i e l d  s t r e n g t h .  
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MASS TRANSPORT FROM SINGLE DROPLETS 45 5 

EXPERIMENTAL APPARATUS 

The experimental apparatus (Fig. 2)  cons i s t s  of equipment t o  
f l u i d i z e  a water drop i n  t h e  continuous medium, s ta t ic  and pulsed DC 
power suppl ies  fo r  e l e c t r i c  f i e l d  sources,  and equipment f o r  viewing 
and recording d rop le t  o s c i l l a t i o n s .  A de ta i l ed  desc r ip t ion  i s  given 
elsewhere [Wham and Byers (16 ) ] .  

Droplets a r e  f lu id i zed  i n  a tapered column fab r i ca t ed  from g l a s s  
tubing and polished t o  assure  smoothness. The 2-ethylhexanol (2EH) 
e n t e r s  at  the  bottom and e x i t s  at  the  top. The converging sec t ion  
a t  t he  bottom serves t o  he lp  induce laminar flow throughout t he  top 
d iverg ing  sec t ion .  Droplets are introduced through a hole i n  the  top 
of the  column. Other items of importance not shown i n  the  f i g u r e  a r e  
a rotameter f o r  con t ro l l i ng  2EH flow rate, a s m a l l  l abora tory  p u ~ p ,  
and a purged r e se rvo i r  of 2EH. 

Droplets a r e  subjected t o  e l e c t r i c  f i e l d s ,  both s t a t i c  and 
pulsed, through e l ec t rodes  in se r t ed  r a d i a l l y  i n t o  the  tube. The 
e l ec t rodes  a r e  posit ioned -2 .5  cm apa r t  and a r e  made of 0.32 cm 
s t a i n l e s s  steel rods. This was found t o  y i e ld  the  most s t a b l e  
f l u i d i z e d  d rop le t s  i n  both s t r e t c h i n g  and o s c i l l a t i n g  modes. 
Configurations using a x i a l l y  opposed e lec t rodes  caused flow ins ta -  
b i l i t y  problems because of turbulence introduced by the  bottom 
e lec t rode .  A conf igura t ion  where the  e lec t rodes  w e r e  r a d i a l l y  
opposed t o  each o ther  a l s o  yielded flow i n s t a b i l i t y  problems because 
t h e  charged d rop le t  tended t o  be a t t r a c t e d  t o  the  high p o t e n t i a l  
e l ec t rode  which caused drople t  i n s t a b i l i t y  and breakup. 

A stat ic  DC f i e l d  is provided using a Hipotronics DC power 
supply wi th  a range of 0-20 kV. A pulsed DC f i e l d  i s  produced by an 
automotive d i s t r i b u t o r  and c o i l .  Power i s  supplied by a va r i ab le  
power supply (0-12 V) and the  d i s t r i b u t o r  is turned by a v a r i a b l e  
speed motor. The arrangement allows pulses  t o  be generated a t  a 
frequency i n  the  range of 0-150 pulses / sec  with a f ixed  dura t ion  of 
each pulse  of -4 msec. Generally,  t he  p o t e n t i a l  between e l ec t rodes  
i s  -10 kV but can be con t ro l l ed  between 5-20 kV. A Digis t robe  
s t robe  l igh t / tachometer  is used t o  c a l i b r a t e  t h e  frequency of t he  
DC pulse. A Tektronix type 504 osc i l loscope  i s  used to  check input 
t o  the  column. Data from the  osc i l loscope  provide frequencies and 
pulse  amplitudes. 

I n  order t o  view o s c i l l a t i n g  drops, a camera with a shu t t e r  
speed which is  fast  compared t o  drop o s c i l l a t i o n  frequency (150 
pulses)  and pulse dura t ion  ( 4  msec) i s  required. 

A T r i t r o n i c s  model PC5600 high speed shut te red  video camera was 
used t o  record the  experiments. Shut te r  speed can vary from 4 msec 
t o  0.1 msec wi th  framing r a t e s  of 60-300 frames pe r  second. A Sony 
VO-5800 video recorder is used f o r  recording the  video image and 
playback of the r e s u l t s  f o r  ana lys i s .  A F0R.A video t i m e r  VTG-33 is 
used t o  record the  d a t e  and time ( t o  wi th in  0.01 sec)  on the  video 
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MASS TRANSPORT FROM SINGLE DROPLETS 45 7 

tape during each experiment. A VPA-100 position analyzer is used 
for determination of droplet size f o r  the video image. An Apple IIe 
microcomputer is used for data analysis, as well as a Sony micro- 
computer with Genlocking capability. The Genlocker allows an over- 
lay of microcomputer graphics on the video image. This combination 
provides selective digitizing of the video image. 

An experiment consists of charging a cleaned reservoir with 
-400 m l  of 2EH. The 2EH is pumped through the system. At time zero 
a droplet of water is released into the column. The video camera 
is started just prior to droplet introduction. When the drop is 
fluidized in the center of the column, the DC field starts and the 
drop is stretched if the field is static and oscillates in a pulsed 
field. Observation of the size and oscillation behavior of the drops 
continues for up to 10 min. 

Data on drop size are analyzed by measuring the change in the 
projected area of a backlighted drop per unit time. Assuming the 
drop is axisymmetric, the drop volume and drop surface area is cal- 
culated yielding mass transfer and hydrodynamic data. The flux of 
water from the drop to the continuous phase (2EH) is calculated 
using the following equation: 

In those experiments which do not subject the drop to an electric 
field, the drop remains approximately spherical and the above equa- 
tion can be modified as shown: 

From an experimental viewpoint, the observation of a single parameter, 
such as diameter, is only valid in near-spherical situations. Where 
significant distortion or oscillation occurs, a volume measurement 
is required. Since the shapes of the droplets are not regular, it 
is necessary to perform a computer analysis to determine drop volumes 
as a function of time. 

RESULTS ANLl DISCUSSION 

Our analysis of electrically driven oscillations is divided into 
three areas. These include: 

1. The effect of static fields on drop shape and system 
physical properties. 

2. The changes in drop shape in response to a pulsed 
electric field. 

3. Mass transfer effects in electric fields. 
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Fig. 3. Droplet  d i s t o r t i o n  vs t h e  e l ec t r i c  f i e l d  s t r e n g t h .  

Turning f i r s t  t o  t h e  e f f e c t  of t h e  electric f i e l d  on d r o p l e t  
shape and phys ica l  p r o p e r t i e s ,  t h e  l i m i t s  of electric f i e l d  s t r e n g t h s  
of i n t e r e s t  are from minimal observable  changes i n  drop shape,  t h e  
p o i n t  where i t  i s  d i s r u p t e d  by t h e  impos i t ion  of a f i e l d  which exceeds 
t h e  s t a b i l i t y  l i m i t .  F i g u r e  3 shows d r o p l e t  aspect r a t i o  as a func- 
t i o n  of electric f i e l d  s t r e n g t h  expressed i n  terms of a p p l i e d  v o l t a g e  
p e r  cm e l e c t r o d e  s e p a r a t i o n .  
f i e l d  i s  a p p l i e d ,  a drop d i s t o r t s  i n t o  a p r o l a t e  sphero id  and remains 
s t a b l e  t o  a range of 4 kV/cm. Up t o  approximately 1 kV/cm, t h e  drops 
are not  s t r e t c h e d  t o  any s i g n i f i c a n t  e x t e n t .  The nonuni ty  a s p e c t  
r a t i o  a t  zero  f i e l d  r e f l e c t s  t h e  d i s t o r t i o n  caused by t h i s  f l u i d i z i n g  
cont inuous  phase. It causes  an o b l a t e  d i s t o r t i o n ,  thus  t h e  f i e l d  
must ba lance  t h i s  f o r c e  on t h e  drop before  it can impose a p r o l a t e  
shape on t h e  drop. This  type of s t r e t c h  is  manifested a t  h igher  
f i e l d  s t r e n g t h s .  This  i n d i c a t e s  t h a t  t h e  electric f i e l d  g e n e r a t o r  
which w i l l  promote o s c i l l a t i o n  of d r o p l e t s  must be capable  of 
imposing a f i e l d  s t r e n g t h  of approximately 3 kV/cm and opt imal ly  be 
reduced t o  less than  1 kV/cm i n  o r d e r  t o  achieve  a n  o s c i l l a t i o n  
cyc le .  The maximum t i m e  frame dur ing  which t h i s  f l u c t u a t i o n  must 
occur  i s  on t h e  o r d e r  of t h e  r e c i p r o c a l  of t h e  d e s i r e d  o s c i l l a t i o n  
frequency.  

When a s ta t ic  axisymmetric e lectr ic  

The most c r i t i c a l  p h y s i c a l  p roper ty  w e  were concerned wi th  is 
t h e  i n t e r f a c i a l  t e n s i o n  of the water /2-ethylhexanol  system. I n  o r d e r  
t o  develop a f o r c e  ba lance  on t h e  drop,  we  must account  f o r  the 
e lectr ic  f i e l d  e f f e c t .  There i s  a p o s s i b i l i t y  t h a t  t h e  c o n c e n t r a t i o n  
of electric charges  at  t h e  i n t e r f a c e  a f f e c t s  i n t e r f a c i a l  t e n s i o n  
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Pig .  4 .  E l e c t r i c  f i e l d  s t r e n g t h  vs d r o p l e t  e c c e n t r i c i t y .  

e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  by modi f ica t ions  of t h e  d i s t r i b u t i o n  
of chemical s p e c i e s  a t  t h e  i n t e r f a c e .  I f  i n t e r f a c i a l  t e n s i o n  i s  
c o n s t a n t ,  then  t h e  e lec t r ic  f i e l d  d i s t o r t s  t h e  drop  i n t o  a p r o l a t e  
sphero id  a t  f i e l d  s t r e n g t h s  below t h e  Rayleigh l i m i t .  Otherwise w e  
must account  f o r  t h e  v a r i a t i o n  i n t e r f a c i a l  t e n s i o n  as a f u n c t i o n  of 
f i e l d  s t r e n g t h .  The a n a l y s i s  of O’Konski and Harris [Eq. (7)] i n d i -  
c a t e d  t h a t  t h e  d r o p l e t  e c c e n t r i c i t y  is a l i n e a r  f u n c t i o n  of the 
a p p l i e d  electric f i e l d  provided d r o p l e t  r a d i u s  and i n t e r f a c i a l  ten- 
sion remain c o n s t a n t .  The next  f i g u r e ,  Fig.  4 ,  shows t h e  same d a t a  
as Fig .  3 but  t h i s  t i m e  p l o t t e d  as e c c e n t r i c i t y  vs a p p l i e d  f i e l d  
s t r e n g t h  times the s q u a r e  r o o t  of the  r a d i u s  of the drop. A s  can be 
s e e n  from t h e  f i g u r e ,  t h e  curve  i s  l i n e a r  over  t h e  range s t u d i e d .  
A t  low f i e l d s  one would expec t  hydrodynamic e f f e c t s  t o  render  t h i s  
r e l a t i o n s h i p  i n a c c u r a t e .  It should a l s o  be noted t h a t  the d a t a  
appear  t o  be skewed a t  h igher  f i e l d  s t r e n g t h s .  The skew r e s u l t s  
from t h e  f a c t  t h a t  a t  t h e  h igher  f i e l d  s t r e n g t h s  t h e  drop has  been 
f l u i d i z e d  i n  t h e  column f o r  longer  per iods  of t i m e  and tends t o  
accumulate  s u r f a c t a n t  a t  the i n t e r f a c e ,  t h u s  lowering t h e  i n t e r f a c i a l  
t ens ion .  The change i n  t h e  s l o p e  i s  i n  t h e  c o r r e c t  d i r e c t i o n  f o r  a 
lowering of i n t e r f a c i a l  t ens ion .  
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Fig .  5. The r a t i o  of t h e  s u r f a c e  a r e a  of an o s c i l l a t i n g  drop 
t o  a s p h e r e  of e q u i v a l e n t  volume v s  f requency o s c i l l a t i o n .  

The next  area of i n t e r e s t  is the change i n  d r o p l e t  s u r f a c e  area 
as a f u n c t i o n  of pu lsed  f i e l d .  Data w e r e  taken  us ing  f l u i d i z e d  water 
drops  i n  a s a t u r a t e d  s o l u t i o n  of 2 EII. The d r o p l e t s  were s u b j e c t e d  
t o  o s c i l l a t i o n  f r e q u e n c i e s  of 10-120 Hz and a f i e l d  s t r e n g t h  of -2.5 
kV/cm. 
v ideotapes  of the experiments .  The t i m e  averaged s u r f a c e  area was  
then  c a l c u l a t e d .  The r a t i o  of d r o p l e t  s u r f a c e  area t o  t h e  s u r f a c e  
a r e a  of a sphere  of e q u i v a l e n t  volume i s  p l o t t e d  vs  o s c i l l a t i o n  
frequency i n  F ig .  5.  The d r o p l e t  s u r f a c e  area is  seen  t o  change 
less than  1% from t h a t  of a n  e q u i v a l e n t  sphere  over  t h e  range of  
f r e q u e n c i e s  shown, and a l i n e a r  f i t t i n g  of t h e  d a t a  i s  w i t h i n  exper i -  
mental  e r r o r .  Therefore ,  t h e  c a l c u l a t e d  r e l a t i o n  between d r o p l e t  
s u r f a c e  area and drop  d i s t o r t i o n  ( a s p e c t  r a t i o )  was p l o t t e d  i n  
Fig.  6 .  The range of a s p e c t  ratios g r e a t e r  than  0.7 and less than  
1 . 3  is  h i g h l i g h t e d  because t h a t  is t h e  g e n e r a l  range of a s p e c t  
r a t i o s  observed dur ing  d r o p l e t  o s c i l l a t i o n .  Again, t h e  s u r f a c e  
area does not  vary  s i g n i f i c a n t l y  from t h e  s u r f a c e  area of a sphere  
of  e q u i v a l e n t  volume. 

Drop a s p e c t  r a t i o s  and s u r f a c e  area were c a l c u l a t e d  from 

F i n a l l y ,  mass t r a n s f e r  f o r  o s c i l l a t i n g  d r o p l e t s  w a s  measured by 
t r a n s f e r r i n g  water from a water d r o p l e t  i n t o  the 2 EH. The i n i t i a l  
c o n c e n t r a t i o n  of water i n  2 EH was 0.3 w t  X as compared t o  equi l ibr ium 
c o n c e n t r a t i o n  of 2.6 w t  X .  F i g u r e  7 i s  a comparison of drop  mass 
(computed from volume) vs  t i m e  f o r  an o s c i l l a t i n g  drop  t o  t h e  b a s e l i n e  
case of a n o n o s c i l l a t i n g  drop. The d r o p l e t s  examined h e r e  had an 
e q u i v a l e n t  i n i t i a l  d iameter  of 0.3 c m  and the Reynolds number, based 
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F i g .  6. The  ra t io  of s u r f a c e  area of a n  e l l i p t i c a l  drop t o  a 
s p h e r e  of e q u i v a l e n t  volume vs t h e  a s p e c t  r a t i o  of t h e  e l l i p t i c a l  d rop .  
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F i g .  7.  Decrease  i n  d r o p l e t  mass v s  t h e .  
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Fig. 8. Mass transfer coefficient vs oscillation frequency for 
0.3-cm water drop fluidized in 2-ethylhexanol. 

on continuous phase properties for the baseline case was .0055 crnls. 
The data shown are for initial rate. Previous experiments [Clinton 
(1972)J indicate that surfactant accumulation does not affect the 
slope for the first 6 to 10 minutes. To remain conservative we 
selected the first three minutes of the process as OUT free- 
circulation period. This was confirmed by our own duplication of 
selected experiments done by Clinton. Forced droplet oscillations 
yield a 35% increase in mass transfer coefficient. This is a sig- 
nificant increase in mass transfer for a continuous phase controlled 
system with no contamination of the interface. Additionally, it 
should be noted that the droplet is forced to oscillate well below 
its natural frequency of 100 Hz. Based on the observed improvement 
in the continuous phase, the dispersed phase controlled case should 
show significant enhancement. Finally, it is worth mentioning that 
oscillation of the droplets disrupts the accumulation of surfactant 
and promotes internal circulation of the droplet where it would 
normally be noncirculating. 

The early results, shown in Fig. 7,  were followed by an investi- 
gation of the effect of frequency on mass transfer coefficient. 
Shown in Fig. 8 is a plot of mass transfer coefficient (averaged 
over area and time) vs frequency. There is very little enhancement 
over the base case at low frequencies, 10-30 Hz, but a 35% increase 
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MASS TRANSPORT FROM SINGLE DROPLETS 4 6 3  

occurs a t  50 Hz which is the  l i m i t  of our equipment. A t  the  bottom 
of the  f igu re  i s  a p lo t  of the  theory of Angelo and Lightfoot based 
on a t i m e  averaged su r face  area. The theory does not match the  d a t a  
because the  theory assumes t h a t  sur face  s t r e t c h  i s  the  bas i c  cause 
f o r  enhancement and as is shown i n  Fig. 3, the t i m e  averaged su r face  
a rea  changes only s l i g h t l y  and cannot account f o r  the  observed 
inc rease  i n  mass t r ans fe r .  Based on experimental observation, i t  
appears t h a t  t he  mass t r a n s f e r  model must take i n t o  account the  
hydrodynamic changes due t o  d rop le t  o s c i l l a t i o n .  This is the  
sub jec t  of forthcoming work. 

CONCLUSIONS 

Based on t h e  experimental work presented here ,  we can develop 
t h e  following conclusions: 

1. I n t e r f a c i a l  t ens ion  is  cons tan t  over t h e  range of 
e l e c t r i c  f i e l d  s t r eng ths  considered f o r  t h i s  paper. 

2 .  Osc i l l a t ions  can be forced by a pulsed e l e c t r i c  f i e l d .  

3 .  Mass t r a n s f e r  can be enhanced using pulsed e l e c t r i c  
f i e l d s .  As much as 35% was seen i n  t h e  continuous 
phase cont ro l led  s t u d i e s  undertaken i n  t h i s  program. 

4 .  Average sur face  a rea  e f f e c t s  on mass t r a n s f e r  a r e  
minimal f o r  t h e  system presented i n  t h i s  paper. 
Droplet sur face  a rea  changes a r e  much smaller than 
t h e  observed change i n  mass t r ans fe r .  

5. Extensions t o  mass t r a n s f e r  theory a re  needed to 
account f o r  t he  hydrodynamics of the  o s c i l l a t i n g  
drople t .  I n  p a r t i c u l a r ,  t he  equation of cont inui ty  
should be reworked using knowledge of drople t  
o s c i l l a t i o n s .  
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NOMENCLATURE 

n = mode of o s c i l l a t i o n ,  i n t ege r  

R = drop rad ius ,  cm 

c = concent ra t ion ,  moles/cm3 

v = ve loc i ty ,  cm/s 
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464 WHAM AND BYERS 

0 = diffusivity, cm2/s 

K = mass transfer coefficient 

t = time, s 

to = time period for one oscillation, s 

S(t) = time dependent surface area, cm2 

S o  = surface area for sphere, cm2 
- 
E, En = electric field, kV/cm 

Q = charge 

a, b, c, d = constants, value depends on equation used 

Sh = Sherwood number 

Gr = Grashoff number 

Sc = Schmidt number 

Re = Reynolds number 

t* = dimensionless time, t/to 

Dimensionless quantities 

Greek - 
w = oscillation frequency, 6-l 

y = interfacial tension, dynes 

p = density, gm/cm3 

p = viscosity 

T = characteristic damping time [Eq .  (8) 1, s 

c0 = dielectric constant of a vacuum 

K = electric permittivity 

E = dielectric constant 

Subsci ipts 

c = continuous phase 

D = dispersed phase 
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MASS TRANSPORT FROM SINGLE DROPLETS 465  

L = Lamb 

SM = Scriven and Miller 

RK = Rose and Kintner 

x = x direction, Cartesian coordinate 

y = y direction, Cartesian coordinate 

z = z direction, Cartesian coordinate 

Ra = Rayleigh limit 

B = Boyadzhiev 
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