
gjA = set of previously inactive design constraints at x* that 
become active at the feasible point X” after distur- 
bances change (i.e., d = d’) 

= set of previously inactive design constraints at X* that 
remain inactive at X” after disturbances change 

= vector of inequality design constraints which become 
active at a search point 

& 

L = Lagrangian function 
m 
& 
m, 

controlled variqbles 
r = regulatory control functions 
X = vector of states 

2 
X ”  
X* = design optimum 

Greek Letters 

p 

= vector of manipulated variables 
= vector of extrafree manipulated variables 
= vector of manipulated variables controlling primary 

- 
X = vector of variables composed of x, d, and m, 

= vector of variables composed of x and m,. 
= a feasible operating point 

= constrained sensitivity of @ with respect to k at X” 
A = vector of Lagrange multipliers for equality constraints 

f(f ?id = 0 ” ~ .  I 

A, 

AIA 

@ = objective function 
V = gradient operator 

= vector of Kuhn-Tucker multipliers for active design 

= vector of Kuhn-Tucker multipliers for inactive design 
constraints 

constraints 
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Analysis of Drop Size Distributions in Lean 
Liquid-Liquid Dispersions GANESAN NARSIMHAN 
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West Lafayette, Indiana 47907 

Experimental measurements of transient drop size distributions in a stirred 
liquid-liquid dispersion (with low dispersed phase fraction) have been used con- 
comitantly with population balance theory to recover the transition probability of 
droplet breakage, based on a similarity concept. The data remarkably uphold the 
proposed similarity hypothesis, and the estimated probability function displays 
the same qualitative trend as the model due to Narsimhan et al. (1979). 

JAI P. GUPTA 
Department of Chemical Engineering 

Indian Institute of Technology 
SCOPE Kanpur, 208016, India 

The analysis of rate processes in liquid-liquid dispersions (as 
in other dispersed phase systems) is complicated by their de- 

pendence on the dynamics of droplet breakage and coalescence 
and rate processes occurring in single droplets. The framework 
of population balances is ideally suited to this task, provided 

Correspondence concerning this paper should be addressed to Doraiswami Ram- essential implements of the analysis are properly iden- 
krishna 

0001-1541.80.3821.()~1.$01 15 QThe American Institute of Chemical Engineers, tified’ These are transition probabilihr (Or 

1980 rate) functions characterizing random droplet breakage and 
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coalescence. In a stirred dispersion, it is difficult to find an 
appropriate basis on which to obtain expressions for the forego- 
ing functions so that methods must be devised to procure this 
information from suitable experiments in much the same way 
as rate constants are obtained from kinetic data on chemical 
reaction systems. Since the unknowns here are rate functions 
(for example, of drop size) instead of rate constants, this iden- 
tification procedure is considerably more complicated. If con- 
sideration is restricted to lean dispersions, the effects of coales- 
cence are possibly negligible so that this evolution of drop size 
distributions in such a system, at least in the early stages of 
agitation, is a result of breakage only. The advantage of this 
system is that the identification problem for the transition 
probability of droplet breakage is linear. 

The present work is concerned with calculation of the drop- 

let breakage probability function from experimental data on 
drop size distributions obtained from a lean liquid-liquid dis- 
persion in a stirred batch vessel. The drop size distributions 
were obtained by a Coulter counter after the droplets were 
encapsulated by a surface polycondensation reaction. 

A concept of similar breakage is introduced which allows the 
estimation of the transition probability of droplet breakage and 
the daughter droplet distribution from the transients of drop 
volume distribution. A test for consistency with similarity is 
developed. Experimental data on three different dispersed 
phases have been subjected to the foregoing similarity test and 
found to be consistent with the concept. The transition proba- 
bility of droplet breakage and the moments of the daughter 
droplet distribution were computed up to a multiplicative con- 
stant. 

CONCLUSIONS AND SIGNIFICANCE 

The proposed similarity transformation is upheld remarka- 
bly well by data on drop size distributions obtained from trans- 

under different stirring conditions. The transition probability 
function for droplet breakage shows a steeper decline as drop 
size decreases towards a maximum stable value. A simple 
model for the transition probability due to Narsimhan, Gupta 

and Ramkrishna (1979) based on the incorporation of a Poisson 
process for the random arrival of eddies on a droplet surface 

the same qualitative trend as the probability function com- 
puted from the data. 

The information in this paper could be a valuable Source for 
analyzing rate processes in liquid-liquid dispersion in situations 
where dynamic droplet phenomena play an important role. 

ient, batch with three different dispersed phases into Levich‘s (1962) view of droplet breakage is found to display 

The mathematical framework for the analysis of transient drop 
size distributions is provided by population balances. The popu- 
lation balance equation required here is that for apure  breakage 
system, since the effects of coalescence may be excluded be- 
cause the dispersion is assumed to be lean. In order that quanti- 
tative predictions are possible with the aid of population bal- 
ances, it is necessary that certain key probability functions 
which appear in the equation are known or identified by analyz- 
ing suitably experimental data on transient drop size distri- 
butions. The application envisaged pertains to a stirred mixer, in 
which dispersed phase initially present as large globules are split 
up into little droplets and into progressively smaller drops in 
course of time. Measurements of drop size distributions in such 
dispersions should, in principle, provide the required informa- 
tion for quantitatively recovering the foregoing key probability 
functions. The functions that are of interest here are those 
associated with droplet breakage. Thus, the evolution of drop 
size distributions is characterized by a transition probability of 
breakage of droplets and the size distribution of the daughter 
droplets resulting from breakage of a larger (the parent) droplet. 
The problem of central interest to this paper is the determina- 
tion of the above functions, given experimental data on drop size 
distributions. We refer to this as the inverse problem in the 
discussion that follows. 

THE INVERSE PROBLEM A N D  SIMILARITY 

It is assumed that stirring is sufficient to ensure spatial 
homogeneity of the drop size distribution. The volume fraction 
of droplets of volume less than u at time t in a batch agitated lean 
liquid-liquid dispersion is denoted by F(u, t )  which is a cumula- 
tive distribution function satisfying the conditions 

F(u,t) = 0, (U 5 0); lim F(u,t)  = 1 
u-m 

Breakage may be characterized by the transitional breakage 
probability T(u), such that r(u).dt represents the probability that 

a droplet of volume u would break in time interval t ,  t+dt and 
the volume fraction of daughter droplets with volume less than u 
formed from breakage of parent droplet of volume u’,  repre- 
sented by the function G(u,u’) (Ramkrishna, 1974). 

For a batch agitated lean liquid-liquid dispersion, it can be 
shown that 

aF(u,t) 
at 

___ = lmI‘(u’) G(u,u’) dF(u’,t)  

= JmT(u‘) G(u,u‘)f(u’, t)du’ (14 

where f lu ,  t )  = aF(u, t)lau is the density function. 
It has been shown that a similarity transformation u”t exists for 

Equation (1) provided a power law model holds for the transi- 
tional breakage probability, that is, T(u) = ku”, and similar 
breakage, that is, G(u,u’) = g(u/u’) (Fillipov, 1962; Ramkrishna, 
1974). Ramkrishna (1974) applied the above similarity criteria to 
data on drop size distributions by Madden and McCoy (1969) 
and observed that the data were consistent with a power law 
model for the transition probability. In the present paper, we 
generalize the concept of similarity by assuming that droplets 
break in such a way that the daughter droplet size distribution 
function is 

This is in contrast with the earlier concept of similar breakage 
which required that G(u,u’) = g(u/u‘) .  In either case, however, 
g(x) is a distribution function for x between 0 and 1, since T(u) is 
a monotone increasing function. It is interesting to note that the 
form (2) has distinct advantages over the form g(u/u‘) .  To under- 
stand them, consider some sample breakage situations and how 
these situations are represented by the G(u,u’) which is the 
volume fraction of drops (formed by breakage of a parent drop of 
volume u ’ )  with volume between 0 and u.  Figure 1 shows the 
shapes of G(u,u’) for three different situations ofbreakage. Case 
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I depicts what may be referred to as erosive breakage for which 
the volume fraction of daughter droplets would not ascent until 
u/u' is significantly greater than 1/2. Case 11 shows a thorough 
breakage, where the drop has been broken into several small 
droplets. For this case, the volume fraction must rise for u/u' 
substantially less than 1/2. Case I11 is binary equal (or approxi- 
mately equal) breakage for which the volume fraction can be  
readily seen to possess the trend shown. It is significant to notice 
that for a given x = u/u', the volume fraction for case I1 is always 
more than that for case 111. Little is known about how droplets in 
a turbulent, liquid-liquid dispersion break. Indeed, the papers 
ofAcrivos and co-workers (1973,1978,1979) show that breakage 
of drops even in well-defined laminar flow situations can be a 
very complicated phenomenon. It seems reasonable to surmise, 
however, that larger droplets break somewhat as in case 11 (in 
Figure l), while smaller droplets break more as in case 111. 
Thus, a plot of 

FORM OF BREAKAOE 

'EROSIVE" BREMAGE CASE I 

- 
(3) 

U 
G(x;u') = G(u,u'), x =- 

U' 

Glv,v')  

vs. x may be espected to shift to the left as u' increases. This 
implies that [aG(x;u')lau'], must be  positive valued. The earlier 
similarity form g(u/u ' )  implies that the foregoing derivative is 
identically zero, which forbids larger drops breaking more thor- 
oughly than smaller drops. Thus, similarity as implied earlier is 
somewhat unrealistic. 

Consider now the similarity form (2). The problem is to 
examine whether this form could admit the shifting of the curves 
of G(u;u') vs. x to the left as u' increases. Now 

so that 
(4) 

Since g is monotone, increasing g' is positive and the sign of the 
left-hand size of (5) is positive if and only if 

(6) xryu'x) r(u') - r(ufx)r'(u') > o 
or 

(7)  

Inequality (7) implies that a plot of In T(u) vs. lnu must show an 
increasing slope as lno decreases. Clearly, a power law model 
implies a constant value of dln T(u)/d Inu, and the strict inequal- 
ity (7) cannot be  satisfied. Thus, if the transition probability 
function T(u) is concave downward, then the form (4) can 
account for the p o p l a t e d  shift towards the left with increasing 
u' ofthe curves ofG(x;u') vs. x.* The similarity form (4) therefore 
presents a physically more plausible alternative to the form 
g(u/u'). An important advantage to the form (4) is that it admits 
the similarity transformation below. 

Let z = r(u)t, f(z) = F(u,t). Substitution into Equation (1) 
yields the integral equation 

where z f ( z )  = 4(z). Whether or not the experimental data are 
consistent with the above concept of similarity requires a testing 
procedure, which is considered next. 

lest for Similarity 

Transients ofdrop volume distribution in a batch agitated lean 
liquid-liquid dispersion could be used to test for similar break- 

*It is interesting to note that the probabilistic model for transitional breakage proha- 
hility r ( v )  (Narsimhan et al., 1979) shows this trend. 
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1 I I 
Figure 1. Daughter droplet distribution for different forms of breakage. 

age as given by Equation (4). 
The experimental information consists of the cumulative drop 

volume distributions F(u,  t )  at various times. For a fixed value of 
F(u, t ) ,  u and t would be related by r(u)t = constant (since the 
similarity variable must be  constant at constant F).  Thus 

or --+(-=-) dlnr(u) alnt = o  
du E' 

dlnr(u) alnt 

Multiplying Equation (10) by u, one gets 

dlnu 

(9) 

Since the left-hand side of Equation (11) is independent of F ,  it 
provides a test of the similarity hypothesis. Experimental data 
on F(u,t) can then be analyzed by plotting Int vs. Inu, holding F 
constant a t  various values. The slopes of such curves at any 
particular u must be independent ofF. Thus, by a simple transla- 
tion, the plots oflnt vs. Inu for different F's may be collapsed into 
a single curve from which alnt/alnu may be  estimated at various 
values of u. Integrating (11) from some convenient reference 
drop volume uo to u, we get 

Clearly, the power law case is trivially accommodated by Equa- 
tion (E), since it occurs when 

(13) 

where a is the exponent in the power law expression. For 
arbitrary forms of T(u), Equation (12) can be  integrated numeri- 
cally from the data. 

Once confirmation of the similarity concept has been made, 
the data onf(u,t) can be collapsed into a single curve. However, 
Equation (12) determines only T(u)/T(uo) but not the required 
function T(u). Obviously, the transformation r(u)t/T(uo) z' is 
also an admissible similarity variable, and we_ may collapse the 
entire data F(u,t) into a single curve, sayxz ' ) .  The integral 
equation, which corresponds to (8), based on the similarity 
variable z' is given by 

(14) &z? = UUO) l;g($) &5')d5' 

where &') = zf?(zr). We define moments 

(15) 
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Figure 2. Plan and elevation of mixing vessel assembly. 

1. Outer jacket 
2. Vessel 7. Agitator shaft 
3. Stainless steel plate of the baffle assembly 8. Brass rod 
4. Rubber gasket 
5. Baffle 10. Bottom Aluminum plate 

6. Paddle impeller 

9. Brass flynut 

- 
which can be computed from the similarity plot 0fJ.z') vs. x' 
Also, we define constants 

v, =I,'.. g(z)dx n = 0,1,2, ... (16) 

Multiplying the integral Equation (14) by ( z ' ) ~ - ' ,  and integrat- 
ing over z' = 0 to m, w e  find 

&I = r ( U 0 )  pnt-1 Vx-1 (17) 
or  

~(uo)vn-, = 7 F n  n = 1,2 ... (18) 
pn+l 

Details of this procedure are given elsewhere (Ramkrishna, 
1974). 

In  principle, it should b e  possible to evaluate T(uo) g (x) from 
the moments {T(u,)u,} as given by Equation (18) through a 
suitable polynomial expansion (Ramkrishna, 1973, 1974). Since 
g(1) = 1, it is clear that r(uo) is obtained from the evaluation of 
r(uo)g(x) a t  x = 1. However, since g(x) is a cumulative daughter 
droplet volume distribution, it is only expected that the higher 
moments of r ( u , ) g ( x )  a r e  important  in the evaluation of 
r(uo)g(x). Though the moments {r(uo)vn} progressively decrease 
as g(x) is defined in the unit interval, they would probably not 
decrease fast enough to justify neglecting the higher moments in 
the evaluation of r(u,)g(x) through polynomial expansion. 
Moreover, evaluation of the moments of r(u,)g(x) would re- 
quire knowledge of the moments of d rop  volume distribution of 
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two orders greater, as can be seen from Equation (18). Since 
considerable errors would be involved in the evaluation of 
higher moments of drop volume distribution, i t  may not be 
possible to evaluate the higher moments of r(u,)g(x) accurately. 

EXPERIMENTAL DETAILS 

The transients of drop volume distribution in an agitated lean liquid- 
liquid dispersion were measured for three different dispersed phases, 
namely, CC14 i-octane mixture (50-5O%), Anisole CC14 mixture (80- 
20%) and chlorobenzene. In all the experiments, the continuous phase 
was distilled water presaturated with the dispersed phase. The density 
and viscosity of both the phases were more or less equal. In fact, this 
dictated the choice of the dispersed phases. 

Experiments were conducted in a 31 jacketed vessel, 0.14m in diame- 
ter, 0.20 m high. It was filled with the liquid-liquid mixture to a height of 
0.1625 m. The outer jacket was provided for water circulation from a 
constant temperature bath in order to maintain constant temperature. 
All experiments were conducted at 30" 2 0.1OC. A six-blade ordinary 
paddle impeller of 0.0762 m diameter was used. The impeller was 
0.009525 m wide and 0.00159 m thick. The impeller was placed at 0.04 
m from the bottom of the vessel. Four stainless steel baffles 0.19 m long, 
0.014 m wide and 0.625X 10-'m thick were equally spaced at 90 deg 
right angled to the vessel and 0.00635 m away from the wall. The details 
of the mixing vessel assembly are given in Figure 2. The agitator was 
driven by a 186.425 W induction motor with a variable speed drive. 
Experimental measurements were made at three agitator speeds, 480, 
420 and 300 rev/min. 

The droplets were encapsulated with a thin nylon film at the time of 
measurement through an interfacial polycondensation reaction. The 
encapsulation stops further breakage and coalescence of drops, thus 
freezing the population at the time of measurement. The reactants for 
the interfacial polycondensation reaction were terephthalic acid 
chloride and piperazine (Mylnek and Resnick, 1972). Terephthalic acid 
chloride was present in the dispersed phase at a concentration of 1% by 
weight. At the time ofencapsulation, a mixture ofpiperazine and sodium 
hydroxide solutions were added to the continuous phase for the reaction 
to occur. The reaction was found to be instantaneous, resulting in a 
coating of very thin (0.1 to 1.0 w)  nylon film over all the droplets. The 

 TO vacuum 

Figure 3. A schematic diagram of the probe assembly. 
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TABLE 1. SYSTEMS AND EXPERIMENTAL CONDITIONS 

System Agitator speed, revlmin 

Water-CC1, + i-octane (SO-SO%) 

Water-anisole + CC14 (80-20%) 
Water-chlorobenzene 

300 
300 
300 

Figure 4. Block diogrom of the electronic circuitory. 
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Figure 5. Effect of stirring time on drop volume distribution. 

nylon film, being very thin, did not affect the drop volume measure- 
ment. 

The volume distribution ofencapsulated droplets was measured using 
electronic size analysis (Coulter counter). The suspension of encapsu- 
lated droplets was forced to flow through a small aperture having an 
immersed electrode on each side. As each encapsulated droplet passed 
through the aperture, it replaced an equivalent volume of the continu- 
ous phase, momentarily changing the resistance value between the 
electrodes. Since a constant current was maintained between the elec- 
trodes, this momentary change in the resistance value produced a 
voltage pulse of short duration having a magnitude proportional to the 
drop volume (Berg, 1966; Allen, 1959). The voltage pulses were am- 
plified, scaled and counted to yield drop volume distribution. 

TABLE 2. PHYSICAL PROPERTIES OF DISPERSED PHASE 

Interfacial 
Dispersed phase Density, kg/m3 tension, N/m 

CCl, + i-octane (SO-SO%) 114.9 46 x 10-3 
Anisole + CCI, (80-20%) 111.3 2s x 10-3 
Chlorobenzene 110.1 37.7 x 10-3 

2 4 6 8 166 2 4 6 8 1 6 '  2 3 

DROPLET VOLUME(cc) 
Figure 6. Effect of stirring time on drop volume distribution. 

- 1 d  2 4 6 0 8  2 4 6 0 l d  2 4 6 8 d 4  

DROPLET VOLUMEIcc) 

Figure 7. Effect of stirring time on drop volume distribution. 

Two glass probes of aperture diameters 2 x  10-3m and 0.8X 10-3m 
were used. The schematic diagram of the probe assembly is shown in 
Figure 3. Probe consisted ofa glass tube 0.015 m diameter fitted with a 
B-24 female joint, the flattened bottom portion of the tube having an 
aperture of required diameter. Platinum electrodes were used. Elec- 
trodes were made by embedding 2.54x IOWm thick platinum foil on a 
glass plate. The inner electrode ran all along the length of the tube. The 
outer electrode faced the aperture with a gap of 7.5~1O-~m. Both the 
electrodes were kept rigid by connecting the glass plates carrying the 
electrodes to the tube. The dimensions of the inner and outer electrodes 
were 0.115X0.01 and 0.01 XO.01 m, respectively. Here, the distance 
between the electrodes remained fixed since both the electrodes were 
embedded on glass plates. 
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Figure 8. Effect of stirring time on drop volume distribution. Figure 9. Effect of stirring time on drop volume distribution. 

The probe tube was connected to a vacuum pump through a stopcock. 
The probe assembly was immersed in the suspending electrolytic 
medium, and the inner tube was filled with the medium. At the time of 
measurement, suction was applied to the tube by means of the vacuum 
pump, and the sample was withdrawn through the small aperture by 
opening the stopcock. The manometer connected to the probe gave the 
pressure drop across the aperture during suction. 

The block diagram of the electronic circuitry is shown in Figure 4. The 
details of the circuitory can be found elsewhere (Narsimhan, 1979). 

The amplitude of the voltage pulse given by a particle of certain 
volume will depend on many factors, such as aperture diameter, cur- 
rent, gain and attenuator settings and the resistance between the two 
electrodes. The relationship between the pulse amplitude and particle 
volume should be known in order to infer the droplet volume distribu- 
tion from the output of Multichannel Analyser (MCA). 

A narrow distribution of spherical standard sized glass particles were 
suspended in a conducting medium of sodium chloride solution. A 
sample of the suspended particles was withdrawn through the probe and 
the spectrum measured by the MCA. The average volume of the narrow 
sized standard sample was measured by microscopic counting. Since the 
sample is a narrow distribution of particles, the average particle volume 
should correspond to the average channel number of the spectrum. The 
same procedure was repeated for different sodium chloride concen- 
trations, electronic settings and sample size to obtain the relationship 
between particle volume and channel number for different conditions. 
The details of the calibration are given elsewhere (Narsimhan, 1979). 

Sometimes, more than one droplet may pass through the aperture 
simultaneously. This will give rise to the superimposition of the voltage 
pulses of these droplets, resulting in loss of count. 

Coincidence corrections were checked experimentally by measuring 
the spectrum of standard sized spherical glass particles of narrow distri- 
bution at different concentrations in the size range of 50 to 800 p. Since 
drop volume distribution measurements were made at dispersed phase 
volume fraction ofO. I%, coincidence effects were verified in the concen- 
tration range of 0.05 to 0.5%. It was found that the average channel 
number corresponding to the standard sample did not vary appreciably 
with concentration, indicating that the coincidence effects are negli- 
gible. 

The mixing vessel, the stainless steel baffle assembly and the agitator 
were cleaned with chromic acid and rinsed thoroughly with distilled 
water. The mixing vessel was placed on the bottom aluminum plate. The 
baffle assembly was centered in the vessel and rigidly fixed by tightening 
the brass flynuts. The agitator was connected to the variable speed 
drive. The height of the impeller above the vessel bottom was checked. 
The probe assembly was lowered into the vessel through a hole provided 
in the top stainless steel plate so that the aperture of the probe was 
placed between two baffles and at half the depth of the vessel. The vessel 
was then charged with 2.5X 10-'m3 of distilled water presaturated with 
the dispersed phase. Presaturation was done to avoid mass transfer of 
the dispersed phase into continuous phase during agitation. Water was 
circulated in the outer jacket of the vessel from a thermostat. The system 
was allowed to equilibrate for about 'h hr, after which it was found that 

the continuous phase temperature reached the set point in the thermo- 
stat. The continuous phase temperature was measured with a thermistor 
probe using a telethermometer. All experimental measurements were 
made at 30 * 0.1"C. 

One percent by weight of terephthalic acid chloride was dissolved in 
the dispersed phase. 2.5X lo-' m3 of this was added to the continuous 
phase maintaining a dispersed phase volume fraction of 0.1%. The 
induction motor was started, and the time of agitation was measured 
with a stopwatch. The speed ofagitation was checked for every observa- 
tion with General Radio Strobotac. At the time ofmeasurement, 5 X  
m3 of mixture of piperazine and sodium hydroxide was added to the 
continuous phase, and stirring continued for 10 s after which the speed 
of agitation was reduced. The dispersion was agitated at lower speed for 
a few minutes for the interfacial polycondensation reaction to be com- 
pleted in order to increase the strength of nylon coating. Because of the 
presence of sodium hydroxide and formation of sodium chloride in 
polycondensation reaction, the continuous phase became a conducting 
medium, Vacuum was applied to the probe assembly through the vac- 
uum pump. The stopcock in the outlet of the probe tube was then slowly 
opened to fill the probe with the dispersion. The resistance between the 
electrodes was then measured with a multimeter. The current, gain and 
attenuator settings were adjusted. Accordingly, the resistance of the 
series variable resistor was also adjusted. Electrophoresis power supply 
was put on to apply 60 V DC between the electrodes through the 
constant current source. The output from the amplifier was observed in 
the Phillips oscilloscope. Now, a sample of the dispersion was with- 
drawn through the aperture by slowly opening the stopcock at the outlet 
of the probe. The pressure drop across the aperture was checked with 
the mercury manometer connected to the probe. The pressure drop was 
adjusted by adjusting the opening of the stopcock. Same pressure drop 
was maintained during sampling for all observations. This was done to 
ensure that enough vacuum was applied to withdraw large size droplets. 
The amplified voltage pulse signals could be observed in the oscillo- 
scope. The voltage range of the pulses was noted. If the pulses were not in 
the proper range (either too small or too big), then the current, at- 
tenuator and gain settings were adjusted accordingly so as to get the 
pulses in the proper range. The output from the pulse shaper was 
observed in the oscilloscope. Iffound satisfactory, it was fed to the MCA, 
and the pulses were logged in the MCA in PHA$ mode. Usually, a sample 
of 2 x  10-fn3 was withdrawn at a time. Then the spectrum was observed 
in the visual display of the MCA. If the total number count of the 
droplets was not sufficient, then the withdrawn sample was recycled to 
the vessel and another sample of 2x10-Pn3 was withdrawn, pulses 
logged in MCA. Around 10 000 droplets were counted to obtain a 
volume distribution. The printout of the spectrum was then taken. The 
same procedure was repeated to get another reading of the volume 
distribution. This was done to check the consistency of the measured 
distribution. The voltage drop between the electrodes was then mea- 
sured with the multimeter. 

The different systems and experimental conditions are given in Table 
1. The physical properties of the dispersed phases are given in Table 2. 
The interfacial tension measurements were made at 3O0?O.1"C by drop 
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Figure 10. Plot of stirring time vs. drop volume for a fixed cumulative 
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weight method. Most of the experiments were conducted at the dis- 
persed phase fraction of 0.1%. Measurements were also made at three 
more dispersed phase volume fractions, namely, 0.25, 0.375 and 0.5%, 
to study the effect of dispersed phase fraction on drop volume distribu- 
tion. The dispersed phase fraction was found to have negligible effect on 
drop volume distribution, thus indicating that coalescence was negli- 
gible. The reproducibility of measurement was tested employing 
Kolmogorov-Smirnov two sample tests which showed that the experi- 
ments were reproducible (Narsimhan, 1979). 

Figures 5 through 9 give the effect of stirring time on drop volume 
distribution for the above measurements. 

TEST OF EXPERIMENTAL DATA FOR SIMILARITY 

Figure 10 gives a typical plot of stirring time vs. drop volume 
for different fixed cumulative volume percents. The solid curves 
in the figure indicate the curves fitted to the experimental data 
through least squares. * 

*Figure 10 is representative of similar plots which were obtained for all the systems 
and experimental conditions in this work. They are not presented here for conciseness 
of presentation. These observations also hold for Figures 11 and 12. 
tPHA = Pulse Height Analysis. 

,414 4 .. 

Figure 1 1. Plot of reduced time vs. drop volume. 

100.0 

90.0 

80.0 

I- z 
8 70.0 
a B 

! 60.0 
9 50.0 

L 5 40.0 

2 30.0 

w 

2 

20.0 

10.0 

.o 
-4 

: RPM-480 TEMP-30°C 
.a*. IMPELLER -3 IN PADDLE 

SYSTEM-WATER -CCI, + i-OCTANE ':[ 
(50-50%) 

.. - 
? 

. .. 
* .  

5 -3914 -3224 -2533 -1842 -1151 -461 230 921 1612 2 
LOG SIMILARITY VARIABLE 

Figure 13. Plot of cumulative volume percent vs. similarity variable 
r ( v ) m v o ) .  

Froin Equation (ll), we see that (alntlau) should be indepen- 
dent of cumulative volume percent if similarity holds. The 
curves of stirring time vs. drop volume are labeled as 1,2,3. . . n 
corresponding to cumulative volume percents F , ,  FZ, . . . F,, 
etc. A large number (around 200) ofdrop volumes ul,  u2, . . . u, 
are chosen. The coefficient of variation of (aInt/au) a t  t)k is given 
by 

where 

= [ (s)Fi - (s)Fj 1' and pi = (x) alnt 
V = V k  c= l*k .Fi 

A reference drop volume t)l is chosen such that E' is minimum. 
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lnt us. u curves are translated along the ordinate with respect to a 
reference cumulative volume percent (The reference is 50% 
cumulative volume percent in all the cases.) 
The translation factor yi is given by 

$ 50.0 1 

t ,  and ti being the times at the reference drop volume ul. 
Figure 11 gives a typical plot oflnt vs. lnu after the translation 

of all points corresponding to {ui}, i=1,2,3, . . . m along the 
ordinate. The points collapse into a single curve, thus justifying 
the similarity hypothesis. The scatter is found to be more for the 
low agitator speed of 300 rev/min for all the three systems. The 
scatter seems to be more pronounced at low droplet volumes. 
Stirring time vs. droplet volume curves rise steeply at very low 
droplet volumes as can be  seen from Figure 10. This is to be 
expected, as the rate of breakage decreases rapidly with de- 
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Figure 17. Plot of cumulative volume percent vs. similority varioble 
r(v).tir(vo). 

crease in drop volume. The curves for different cumulative 
volume percents do not approach the same asymptote, contrary 
to expectation. This may be due to experimental errors a t  very 
low drop volumes. More scatter in the collapsed curves at low 
drop volumes may be  attributed to this experimental error. 

The transitional breakage probability T(u) is estimated with 
reference to a reference drop volume through integration of the 
collapsed curve as given by Equation (12). Figure 12 gives a 
typical plot of estimated T(u)/T(uo). It is very interesting to note 
that the estimated transitional breakage probability does not 
satisfy a power law expression. The shape of the estimated 
T(u)/T(uo) seems to agree well with the probabilistic model for 
transitional breakage probability. Moreover, the estimated 
T(u)/T(uo) could be approximated by two power law expressions 
for different drop volume regions and the value of the exponent 
increases as the drop volume decreases, which is consistent with 
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TABLE 3. MOMENTS OF quo) g(x) 

Agitator uo 
System speed, revlmin ( x 10'' m3) 

Water- 
CCI, + i-octane 

Water- 
anisole + CCI, 

Water- 
chlorobenzene 

(50-50%) 

(80-20%) 

{E 300 

300 

300 

7 
20 
60 

20 

20 

TABLE 4. COMPAFUSON OF MOMENTS OF quo) g(x) FOR 

WATER-CCI~ + (-OCTANE (50-50%)] 
DIFFERENT REFERENCE DROP VOLUMES [ R E V / M I N 4 8 0 ,  

0 0  

( x m3 r ( o , m o , )  v7l %JV. 

7.0 

10.0 

12.4 

1.0 

0.6610 

0.515 

0.3343 
0.1939 
0.1520 
0.1360 

0.4933 
0.3041 
0.2375 
0.2096 

0.6194 
0.4018 
0.3140 
0.2733 

1 
1 
I 
1 

0.6777 
0.6374 
0.6398 
0.6487 

0.5396 
0.4825 
0.4840 
0.4974 

the behavior of the model for transitional breakage probability 
(Narsimhan e t  al., 1979). The behavior of estimated T ( u ) / r ( u o )  is 
consistent with the functional form of daughter droplet distribu- 
tion for similar breakage. It is also found to be consistent with 
the concept of a maximum stable drop diameter. In fact, the 
maximum stable drop volumes could be  estimated in case of 
water- ccl, + i-octane system at the three agitator speeds 
through extrapolation, as the estimated T(u)/ q u o )  exhibits an 
appreciable drop with the decrease in drop \ olume at very low 
drop volumes. Such an attempt is desisted, as the estimation of 
T(u)/T(u,)  at  very low drop volume is only qualitative due to 
more scatter at low drop volumes resulting from experimental 
error. 

The estimated transitional breakage probability function 
I'(u)/I'(u,) is used to transform the drop volume distributions 
F(u, t)  at different stirring times under the transformation z' = 
T(u)  - t / r ( u o ) .  Figures 13 through 17give the plot ofdrop volume 
distributions with respect to the similarity variable r ( u ) . t /  r(uo). 
The drop volume distributions at different stirring times do 
collapse into a single curve, as can be  seen from Figures 13 
through 17. The agreement of similarity seems to be  excellent 
for the water-ccl, + i-octane (SO-SO%) system at  the agitator 
speeds of 480 and 300 rev/min. In the other three cases, all drop 
volume distribution curves except the distribution at  very low 
stirring times collapse into a single curve. The distribution 
curves corresponding to low stirring times are indicated by 
dashed curves in Figures 14, 16 and 17. At very small stirring 
times, the drop volume distribution may not tend to a limit 
distribution and hence may not satisfy similarity (Fillipov, 
1961). It may also be due to experimental errors involved in the 
measurement of large drop volumes. The inherent drawback of 
encapsulation technique is that the measurement oftransients of 
drop volume distribution would necessitate repetition of exper- 
iments at identical conditions for different stirring times, as the 
drop population is frozen at the time of measurement. There- 
fore, a small difference in experimental conditions may result in 
large errors at very low stirring times, as drop breakage rate is 

0.3343 
0.3100 
0.1187 

0.1554 

0.1965 

V l  

0.1939 
0.1415 
0.0735 

0.0729 

0.0684 

v2 

0.1520 
0.1124 
0.0595 

0.0541 

0.0472 

v3 

0.1360 
0.0996 
0.0532 

0.0461 

0.0428 

very high for large drop volumes. Moreover, the accuracy of 
the measurement hinges mainly on the strength of the interfa- 
cial nylon film formed due to interfacial polycondensation reac- 
tion. It was found that the nylon film was stronger for small drop 
volumes, thus making large encapsulated drops more suscepti- 
ble to breakage during sampling. 

Moments of T(uo)g(r) were computed from the moments of 
j z ' )  using Equation (18). Table 3 gives the first three moments 
of T(uo) g(x) for all the experimental conditions. Estimation of 
T(uo) and g(x) from the moments through orthogonal polynomial 
expansion was desisted due to errors involved in such an estima- 
tion as mentioned earlier. 

It is easily seen from Equations (15) and (18) that 

where {v,,} and {Y,,} are the moments of r(u,,)g(x) and l-'(uo2)g(x), 
respectively. Since the reference drop volume uo in the estima- 
tion of transitional breakage probability is arbitrary, the consis- 
tency of the moments ofg(z) could be  verified through Equation 
(20). Table 4 gives the first three moments of T(uo)g(x) for three 
different reference drop volumes for water - CC1, + i-octane 
(50-50%) system at the agitator speed of 480 rev/min. It can be 
seen from Table 4 that the ratios of the estimated moments for 
different reference drop volumes agree fairly well with the ratio 
of transitional breakage probabilities at reference volumes. 
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NOTATION 

= drop volume density 
= cumulative drop volume distribution 
= cumulative daughter droplet distribution for "simi- 

= cumulative daughter droplet distribution 

f 
F 
g 

G 
t = time 
U = drop volume 

lar" breakage 

X = ratio of transitional breakage probabilities of daugh- 
ter and parent droplets 

z = similarity variable 

Greek Letters 

Y 

E = coefficient of variation 
r = transitional breakage probability 
P 

= translation factor; also used as moments of daughter 
droplet distribution 

= moments of drop volume distribution 
V = moments of daughter droplet distribution 
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Subscripts 

i = iih curve 
0 = reference drop volume 
n = nth moment 
n r  

ume 
r = reference curve 

= nfh moment with respect to the reference drop vol- 

Superscripts 

- = modified similarity variable 
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Photo-Assisted Heterogeneous Catalysis 
with Optical Fibers 
II. Nonisothermal Single Fiber and Fiber 
Bundle 

A previous paper (Marinangeli and Ollis, 1977) considered light transport in a 
single optical fiber which was coated with a heterogeneous photoassisted catalyst. 
This paper analyzes simultaneous mass, heat, and light transport in a catalyst on a 
single fiber, and in a likely large-scale configuration, a bundle of parallel, 
catalyst-coated optical fibers. The dimensionless temperature rise is dominated 
by energy released by light absorption, with the heat of reaction contributing to a 
lesser degree. 

SCOPE 
Photo-assisted catalysts are known to effect alkane partial 

oxidation, photo-electrolysis of water, and degradation of 
halogenated hydrocarbons, among other reactions. The poten- 
tial for large-scale development of heterogeneous photo- 
assisted catalysis may likely require, inter aha, a large surface 
area per reactor volume for the transport of light to the catalyst 
surface. Our previous paper (Marinangeli and Ollis, 1977) 
suggested that catalyst-coated, small diameter optical fibers 
might satisfy such a criterion. This paper considers simultane- 
ous transport of light, heat and reactant in two heterogeneous, 
photo-assisted catalyst configurations: the single coated fiber, 
and the bundle of parallel coated fibers. 

Literature reports of quantum yields (molecules converted 
per photon absorbed) are usually 0.1 to lo%, and typical 
photon energies are of the order of a moderate heat of reaction. 

Correspondence concerning this paper should be &dressed to D. F. Ollis, Dept. of 
Chemical Engineering, Univ. of California, Davis, CA 95616. 
H. E. MarinLngeli iypreaently with Universal Oil Products, Des Plaines. Ill. 
Oool-1541-801000-962~$01.05 “The American Institute of Chemical Engineers, 

1980 
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Consequently, for single fibers or fiber bundles, the dimension- 
less temperature rise is necessarily dominated by energy re- 
leased on ligbt absorption for all values of the Prater number. 
The approximate temperature independence of photochemical 
kinetics (below the temperature of catalyst deactivation) allows 
consecutive determination of concentration and temperature 
profiles. For catalysts which are inactive above temperature 
T*, the dominant contribution of absorptive heating (un- 
changed by reaction) allows determination of the maximum 
useful bundle diameter for a given illumination intensity, or 
maximum intensity for a given bundle diameter. Transport 
limitations may lead to kinetics dominated either by slow mass 
diffusion or by insufficient local illumination. 

This analysis applies to systems such as catalytic films of 
chloroplasts or other intact photosynthetic systems, metal 
complexes, or semiconductors. The special case of semiconduc- 
tors which function as photoelectrodes when coated on optical 
fibers is analyzed in a subsequent paper (Marinangeli and 
O h ,  1980). 
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