
1 V 1 = absolute value (magnitude) of oscillation in vapor 

X B  = bottoms composition, mole fraction water 
X D  = distillate composition, mole fraction water 
X F  = feed composition, mole fraction water 

T~ = linear time constant, min. 
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Mixing and Product Distribution for a 
Liquid-Phase, Second-Order, Competitive- 
Consecutive Reaction 

EDWARD 1. PAUL and ROBERT E. TREYBAL 
N e w  York University, N e w  York, N. Y. 

Mix ing  ef fects for the homogeneous, liquid-phase, second-order, compet i t ive- 
consecut ive react ion of iod ine  (6) w i t h  L - ty ros ine  (A) to  form 3- iodo-L-tyrosine (R) 
and 3,5-diiodo-L-tyrosine ( S )  were determined for the fo l lowing condi t ions:  vessel  
volume, 5 and 36 l i t e rs  (baff led ond unbaffled); turbine diameter (2 t o  6 in.) and 
speed (95 t o  1,600 r.p.m.); feed in le t  locat ions (3), addi t ion rate (0.25 t o  18 min.), 
and distribution; temperature (11' t o  43OC.); i n i t i a l  A concentration (0.1 t o  0.4 
9.-mole/liter); ond kinematic v iscos i ty  (0.765 t o  6.35 centistokes). A was i n i t i a l l y  
charged t o  the reactor and a n  equimolar quant i ty of feed 6 wos added over a time 
period. Y ie lds  of R are less than tha t  expected for perfect mix ing  owing t o  loca l  
regions of excess 6 concentration tha t  ex i s t  for t ime periods during which R over- 
reacts to  s. 

Agi tat ion power for o given y ie ld  i s  less in unbaffled vessels wi thout on oir-  
l i qu id  interface than for baff led vessels. The loca l  f luctuat ing ve loc i ty  u' where 
feed i s  introduced correlates the mix ing  var iables and predicts mixing requirements 
for maintaining y ie lds  o f  R on scale-up. Regions of excess 6 concentration are 
related t o  a concept of par t ia l  segregationr The extent o f  react ion occurring under 
th i s  condi t ion i s  correlated by the dimensionless group ( k , b ~ ) ( o J b ) ,  where 'c i s  o 
microtime scale of mix ing  related to  u' and the character ist ic length of a microscale 
eddy. The magnitude of t h i s  group provides a cr i ter ion for predicting the impor- 
tance o f  mix ing  e f fec ts  on other react ion systems. 

INTRODUCTION the reaction rate. If more than one product i s  possible, 
contacting can influence the product distribution as well. 
These considerations apply to both homogeneous and 
heterogeneous reaction systems. This  stu& is  limited to 
homogeneous liquid-phase systems. The reactions studied 
form a sys tem of the type 

The method of bringing together reactants that are to 
undergo reaction can have an influence on the course of the 
reaction for certain types of systems. If the reaction can 
result in only one product, the method can only influence 

Edward L. Paul is with Merck Sharp and Dohme Research 
Laboratories. Rahway. New Jersey. 

k ,  A + B - - R  
k 

B + R ~ S  

(1) 

( 2)  
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carried out under semibatch conditions as follows: 
1. A i s  initially charged t o  a stirred vessel as a solution. 
2. B is  added as a solution (hereinafter referred to as 

feed) through a feed pipe in a continuous manner until a 
stoichiometric amount for reaction (1) has been added. 

3. The yield of R i s  determined and related to the pre- 
vailing mixing conditions. 

R is considered as the desired product. The objective i s  
to determine how mixing conditions can affect the yield of 
R. Both agitation environment and the manner of adding B 
are studied with the object of maximizing R, if possible, to 
the value that would be achieved by instantaneous perfect 
mixing to a molecular level. Once having studied the char- 
acteristics of the system on a small scale, the problem i s  
extended to projecting the results to  a larger scale. 

We are concerned with the time period during which the 
reactants are first contacted and when they are completely 
mixed to a molecular scale. During this time, zones of 
local B concentration can vary from an upper limit equal to 
the feed concentration to a lower limit equal to the final, 
completely mixed concentration. The course of any reac- 
tion that is influenced by concentration can be influenced 
by mixing. The effect can be on the reaction rate, the 
product distribution, or both. 

The rate can be reduced below that predicted by the con- 
ventional chemical rate constant because of limitations im- 
posed by diffusional effects. The time required for mixing 
can add to the time for a given degree of conversion calcu- 
lated on the basis of instantaneous mixing. This  effect 
will be important only for extremely rapid feactions, and 
can be compensated for by a n  appropriate increase of con- 
tact time. 

Mixing effects are of far greater importance on product 
distribution in multiple reactions because the impact on 
design and economics i s  more profound. In such reactions 
the desired product is one of two or more possible products. 
The selectivity of a reacting system i s  defined as the ratio 
of the amount of limiting reagent reacting to produce the 
desired product to the total amount actually reacted The 
yield Y i s  the ratio of the amount of limiting reagent react- 
ing to produce the desired product to the total amount 
charged. 

requires knowledge of the dependency of the reaction on 
mixing conditions. For the majority of reactions, the effect 
of mixing will be negligible, assuming that turbulent 
mixing-impeller Reynolds numbers are used on all scales 
of operation. For some types of rapid multiple reactions, 
however, selectivity can be seriously reduced by inade- 
quate mixing. In large-scale operation, this leads to in- 
creased raw material requirements as well as increased 
separation and purification costs. 

Scaleup of mixing requirements for a multiple reaction 

REACTION TYPES 

Multiple reactions occur in  a wide variety of combina- 
tions, each of which must be examined individually to de- 
termine whether mixing can affect selectivity. Two major 
types are generally recognized as the basis  of most 
combinations: 

Competitive parallel reactions are of the type 

k 
A + B - A R  

k 
A + B - ~ , s  

with B added to A. In this case,  mixing can affect selec- 
tivity only if the reactions are of different order. Consider 
a local B-rich zone with some A present. The relative 

amounts of R and S made in this zone will not be affected 
if both reactions are first or second order, since the product 
ratio will be determined only by the ratio of the reaction 
rate constants k , / k ,  independent of concenkation. If the 
reactions are of different order, however, the second-order 
reaction will be accelerated while the first-order reaction 
(in A)  will be unchanged by a B-rich zone. The magnitude 
of the effects will depend on the absolute values of the 
rate constants and the magnitude of the local concentration 
variations. This case has apparently not been experimen- 
tally investigated. 

Competitive consecutive reactions, with B added to A, 
are of the type shown in Equations (1) and (2). If both re- 
actions are first order, mixing will not affect selectivity 
since the concentration of only one component i s  involved. 
If both reactions are second order, mixing can affect se- 
lectivity because of local excess  B concentrations, which 
can result in local overreaction of R to S. This type is re- 
ferred to as second order, competitive-consecutive since i t  
i s  competiiig with respect to B and consecutive with re- 
spect to A and R. Subsequent discussion i s  limited to this 
case. I t  is readily seen that other combinations of multiple 
reactions could be subject to the effects of mixing since 
they can be analyzed as combinations of the two basic 
types. 

Provided reactant B i s  instantaneously mixed t o  a mo- 
lecular level with the vessel  contents, the maximum selec- 
tivity in  a competing-consecutive reaction system i s  a 
function of the rate constants 12, and k,, the overall molar 
charge ratio of A to B, and the degree of conversion of A. 
The degree of conversion of A can depend on the charge 
ratio and the residence time. This discussion i s  limited to 
the case of sufficient residence time such that all of the B 
charged will react, provided B i s  not charged in excess  for 
complete reaction to S. The degree of conversion of A i s  
then only a function of the molar charge ratio of A to B. 
The maximum selectivity of R ,  in the absence of mixing 
effects, then becomes a function only of k,/k,  and the 
molar charge ratio. For purposes of the present study, i t  is 
convenient to establish a fixed molar charge ratio. The 
ratio chosen i s  not necessarily intended to give the maxi- 
mum selectivity. For a particular reaction system (fixed 
k,/k,), a fixed molar charge ratio, and conditions of perfect 
mixing, the selectivity is also fixed, as is the yield and 
the degree of conversion of A. 

At this point it i s  convenient to discuss the yield of R 
rather than the selectivity. The term “expected yield” is 
used to denote the yield that would be obtained under con- 
ditions of perfect mixing, as derived by van de  Vusse (18) 
and Levenspiel (10): 

where capital letters denote molar quantities. This equa- 
tion applies to both batch and semibatch operations, pro- 
vided both reaction rates  depend on B in  the same way and 
provided B i s  added to A in the semibatch case. The molar 
charge ratio used throughout the experimental work i s  
A,/B, = 1. 

Mixing effects, exclusive of residence-time distribution 
effects, can only reduce the yield. The primary concern of 
this study i s  the magnitude of the yield reduction attributr 
able to deviation from instantaneous, perfect mixing to a 
molecular level. The magnitude will be determinea by the 
following major factors: 

1. The elapsed time from initial contact of the reactants 
to final homogeneity on a molecular scale. Any overreac- 
tion of R to S must occur during this time because once the 
reactants are molecularly mixed, the relative amounts  of R 
and S obtained are fixed by k,/k,  according to Equation (3). 

2. The absolute value of k,. The magnitude of  this rate 
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constant will determine how much A can be converted dur- 
ing the time required to achieve molecular mixing. The ex- 
tent of the conversion will determine the amount of R that 
i s  subject to  excess  B concentration and hence overreac- 
tion to S. 

3. The relative speeds of the second reaction ( k , )  and 
local diffusion. R is converted to S depending on the prob- 
ability of a molecule of R reacting with a molecule of B. 
In the B-rich zone this probability is greater than in the 
perfectly mixed zone and the extent to  which it occurs will 
depend on the rate at which R can diffuse out of the B-rich 
zone relative to the rate at which it reacts with B. 

PRIOR WORK 

Most of the research on reactions of this sort i s  for the 
case where reactants are premixed prior to being fed to a 
continuous reactor. There has  been both theoretical and 
experimental study of the influence of mixing where reac- 
tants are introduced separately into a continuous reactor 
( 4  to 6, 16, 19). Consideration of mixing in semibatch re- 
actors for second-order competitive-consecutive reactions 
seems to be confined to  the qualitative discussion of 
Levenspiel ( lo) ,  and the case where the added reactant i s  
a gas  (18). There appears to be no prior study correspond- 
ing to the present case, where the reactants are miscible 
liquids. 

EX PE RIME NTA L PROCEDURE 

The reaction used in this study was the iodination of L- 
tyrosine to form 3-iodo-L-tyrosine and 3.5-diiodo-L-tyrosine: 

A 8 
A 

The kinetics of a very similar reaction, the iodination of 
N-acetyl-L-tyrosine. were studied by Mayberry et al. (12).  The 
reaction was found to  be second order, and this result i s  assumed 
to be applicable to the present reaction, making it consecutive in 
L-tyrosine and competitive in iodine. It is  therefore an example 
of the multiple reaction scheme of Equations (1) and (2). 

A standard operating procedure was developed in which a so- 
lution of iodine in aqueous potassium iodide was added to a solu- 
tion of L-tyrosine in aqueous base. Phosphate buffers were 
added to minimize the change in pH resulting from the formation 
of hydrogen iodide. The procedure, based on 1 mole of L-tyro- 
sine, i s  a s  follows: 

addition of two equivalents of sodium hydroxide. This i s  the 
minimum quantity of base required to  dissolve the L-tyrosine, 
which has an extremely small water solubility unless converted 
to the sodium salt. 

2. Di- and tri-sodium phosphate buffers are added and dis- 
solved. The resulting pH is  11.7. 

3. One mole of iodine i s  dissolved in aqueous potassium 
iodide solution. This is  enough iodine to convert all of the 
L-tyrosine charged to  3-iodo-L-tyrosine if no diiodo product were 
formed. 

4. The iodine solution is added to the L-tyrosine solution over 
a fixed time period while the temperature is maintained constant. 
The reaction is very slightly exothermic with an estimated adia- 
batic temperature rise of approximately 0.5OC. The final pH i s  
10.5. 

The rate constants k, and k, were determined by running the 
reaction in a cell inside a Cary spectrophotometer. The disap- 
pearance of iodine was measured a s  a funcLion of time, and the 
constants evaluated from integrated, second-order rate equations. 
In the case of reaction (2). the starting mater ia l  was pure R .  and 
S was the only product. In the case of reaction (1). both reac- 

1. The initial charge of L-tyrosine i s  dissolved in water by the 

tions occurred but only the rate equation for the first was con- 
sidered. This was assumed adequate to provide a reasonably 
good approximation of k ,  since reaction (1) is seven to ten times 
faster than the second. 

The rate constants were determined at  three temperatures, and 
each yield an excellently straight Arrhenius plot. Expected 
yields, calculated through Equation (3), depend upon temperature 
since k , / k ,  i s  temperature dependent. The data are summarized, 
for an equimolar charge of A and B. in Table 1. Details are 
available elsewhere (13). 

for analyzing mixtures by ultraviolet absorption ( 3 ) .  The ultra- 
violet absorption of the final product solution was determined in a 
Cary-15 spectrophotometer. using l-cm. quartz cuvettes. Read- 
ings were taken at three wavelengths at which the absorption of 
the three pure organic components i s  known. The three readings 
were used in the solution of three simultaneous equations whose 
unknowns are the concentrations of components A, R ,  and S. 
Thus the amount of R and the yield was  obtained directly. Mix- 
tures of known compositions were analyzed to determine the ac- 
curacy of the technique: the assay differed from the charge com- 
position by between 1.0 and 1.3% for all three components. This 
assay technique also gives the total organic and iodine material 
balances. They were consistent ( fl%), a s  was the ratio of A to 
S (theoretically 1.0) (13). 

The basic reaction vessel was a 5.85-in. I.D.. flabbottomed. 
glass cylinder with a capacity of 5 liters. The impellers were 
each six-bladed. flat-blade turbines, diameter/blade lengthhlade 
width = 2/0.5/0.4. driven by a 2-h.p. motor with a Vickers 
variable-speed drive. The vessel contained four, equally 
spaced, vertical baffles, each of width equal to 10% of the vessel 
diameter [fully baffled (11)], but several runs were made in the 
absence of baffles, with a Plexiglas plate arranged to cover the 
liquid to eliminate vortexing from an air-liquid interface. Scale-up 
was tested in a geometrically similar vessel, 11.3 in. diameter, 
capacity 36 liters. The vessel operating variables are summar- 
ized in Table 2. The combination of turbine speed and diameter 
used in all runs was sufficient to give impeller Reynolds number 
in the turbulent regime ( >10,000). 

The other major vessel variable was the position of the feed 
line opening in the vessel. Two positions, shown schematically 
in Figure 1, were used for the majority of the work with a %-in. 
diameter tube. A third position, not shown, 0.5 in. directly below 
the center line of the impeller, was used for a limited number of 
runs. The effect of feed distribution was studied by introducing 
the feed through a nine-hole distributor placed 6 in. above the 
turbine in the smaller vessel. The distributor was circular, of 
1.5-in. radius, and the hole diameters were 0.04 in. 

The analytical procedure used throughout follows the standard 

TABLE 1. REACTION RATE CONSTANTS AND EXPECTED YIEIDS 

Temperature, OC. 11 25 43 

k,, 1itersAg.-mole) (sec.) 0.58 3.8 25 
k,, liters/(g.-mole) (sec.) 8.5 35 163 

Conversion of A, % 90.5 88 85 
Expected yield of R ,  % 81 75.5 70 

TABLE 2. OPERATING VARIABLES 

Mixing 
Vessel capacity, liters 
Vessel diameter, in. 
Depth of liquid,* in. 
Turbine diameter. in. 
Turbine speed, r.p.m. 
Baffles 
Feed location, number of 

Feed distribution, number 
positions 

of holes 

5 36 
5.85 11.3 

10.0 19.6 
2 3  4 6  

0,4 4 

3 2 

1 3  1 

200 to 1600 95 to 788 

React ion 
Normal Also studied 

Temperature, 'C. 25 11.43 
Initial A concentration, 

Feed B concentration, 

Solution kinematic viscosity, 

Addition t i m e  for B, sec. 1080 15. 60 

g.-molelliter 0.2 0.1, 0.4 

g.-moles/liter 2.0 - 
centistokes 1.08 0.765 to 6.35 

*Depth of liquid increases as feed solution i s  added. The 
depths given are averages of initial and final values. 
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I 

Fig. 1. Feed inlet locations. 

Fig. 2. Apparatus arrangement. 

The &liter vessel contained a coil of 0.25 in. stainless steel 
tubing for heating and cooling. N o  coil was used in the 36-liter 
vessel, where the solution temperature was preset to 25OC. and 
allowed to rise to 25.5 to 26.OoC. 

Feed was transferred to the reaction vessel from a 4 0 0 4 .  
stainless steel cylinder under nitrogen pressure. The rate of 
flow WPS measured with a rotameter. Figure 2 shows the 
arrangement. 

Operating Variables 
The reaction was run under various conditions of temperatures, 

concentrations. etc., to determine their effects on product dis- 
tribution. The bulk liquid viscosity was increased by adding 
suitable amounts of a flocculating agent, Primafloc A-10. an 
anionic polymeric emulsion exhibiting carboxylic acid function- 
ality obtained from Rohm and Haas. This material did not inter- 
fere with the reaction or assay. Table 2 summarizes the range of 
the operating variables. 

EXPERIMENTAL RESULTS 
For each run a final yield of R i s  obtained after sufficient time 

has elapsed to ensure complete reaction of the B charged. As  
shown in Figure 3 for the 5-liter vessel. the yield is  very respo* 
sive not only to turbine speed, but also to turbine diameter and 
feed-line position. Directing the feed into the impeller discharge 
produces the highest yield for a given turbine speed, and 
achieves the highest yield at a relatively low speed. This posi- 
tion is superior to that commonly used, directly below the turbine 
center line. Feed location in the upper portion of the vessel 
produces sharply reduced yields. It might be anticipated that 
feed from a line above the liquid surface would give even poorer 
results. An increase in turbine diameter produces increased yield 
for both feed positions, a result which is expected since the 
power input i s  greatly increased. The horsepower input increase 
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from the small to large turbine i s  approximately eight-fold. The 
yield i s  also improved by the removal of baffles for the upper 
feed position, but reduced for the turbine-discharge position. 

produced basically similar results. Again, the horsepower drawn 
by the larger turbine is approximately eight times that of the 
smaller turbine. Figure 5 shows the effect of initial A concen- 
tration. 

Figure 4 summarizes the data from the 36-liter vessel, which 

CORRELATION OF EXPERIMENTAL RESULTS 

Our objective was to  develop a method of correlating the 
experimental data in terms of mixing parameters. The first 
variables considered were turbine speed, turbine and ves- 
sel  diameter, and feed position. The large yield differ- 
ences experienced at the different feed locations indicate 
that local conditions in the vicinity of the feed point must 
be considered rather than average conditions for the vessel 
as a whole. This precludes overall factors such as impel- 
ler power. 

a stirred vessel are the bulk liquid velocity U ,  the fluctu- 
ating velocity u', the intensity of segregation, and the 
local rate of energy dissipation E .  The intensity of segre- 
gation depends on local concentration fluctuations. The 
extent of conversion of A and B prior to complete mixing of 
B to a molecular level can thus be seen to be a function of 
local intensity of segregation. Since all A converted prior 
to complete mixing is exposed to  increased overreaction to 
S, this degree of completion could be the governing factor 
in the course of the reaction. No attempt was made to 
measure the intensity of segregation, although some inves- 
tigators have done this  but under different conditions 
(1, 9, 14). However, applicable measurements of the local 
intensity of turbulence, more particularly the local fluctu- 
ating velocity, are available, and a correlation based on 
this variable will be discussed. 

Schwartzberg (15) measured local velocities at various 
levels above the turbine in a fully baffled vessel, and also 
turbulence intensities. An average value for the fluctuating 
velocity in the upper portion of the vessel i s  given by 

Examples of variables that can vary from point to point in 

ND 
U' = 0.581 __ 

(T'H) ?4 

which can be used to  calculate u' for the upper feed posi- 
tion for all of the vessel variables except in the absence of 
baffles. 

For the feed position at the turbine discharge, values of 
u' may be estimated from the work of Cutter ( Z ) ,  who mea- 
sured turbulence intensity u'/U as a function of the radial 
position on the horizontal plane of the turbine. Our feed 
line was as close as practicable (ca. 0.25 in.) from the 
turbine tip, where the velocity may be taken as the impeller 
tip speed. With an intensity of 0.45 estimated from Fig- 
ure 7 of Cutter's paper, then 

U' = 0.45 17 DN (5) 
The values of u'chosen are composite averages of the 
three components of the fluctuating velocity, since further 
refinement seemed unwarranted. The third feed position, 
directly below the impeller center line, i s  not considered 
further since no estimate of u' i s  available. Similarly, the 
case of the unbaffled vessel cannot be included, although 
i t  will be considered later. 

Figure 6 i s  a plot of yield against fluctuating velocity at 
the feed line position, where the mixing variables included 
are turbine speed, turbine diameter, vessel diameter, and 
feed location. The correlation based on u' i s  seen to a p  
proximate the yield response to mixing suggesting the im- 
portance of this turbulence parameter. 

The correlation can be extended further to examine the 
importance of microscale eddies in determining the course 
of the reaction. One measure of the characteristic length 

of a microscale eddy i s  given by Kolmogoroff s universal 
equilibrium theory (7). 

( 6 )  

Combining this  with the fluctuating velocity provides a 
parameter T, with dimensions of time, which can be visual- 
ized a s  the time required for an eddy of characteristic 
length 7 to move one eddy length at a velocity u': 

V% 
T = T  =- ( 7 )  u' E X u '  

The local rate of energy dissipation E has been empirically 
related to u' (17): 

u, 
E = 1.65 - 

Li 
where Lf i s  a length scale  associated with the vessel di- 
mensions. Substitution of Equation ( 8 )  into Equation (7 )  
then provides 

(9) 

The quantity T can be considered as a microtime scale  
characteristic of the length of time available for reaction 
between the eddies of B feed and the bulk liquid. 

Equation (9) contains the kinematic viscosity, and pre- 
dicts an increase in 'I with increasing V, which should re- 
sult in  a decrease in yield. This  prediction was tested by 
running the reaction with the viscosity of the bulk liquid 
increased sixfold by addition of a suitable nonreactive 
agent (Primafloc A-10). A decrease in yield resulted, but 
the viscosity could not be varied over a large enough range 
to determine whether the 2 power for v predicted by Equa- 
tion (9) i s  ultimately correct. The limitation on increased 
viscosity was imposed by the resulting reduction in impel- 
ler Reynolds number to values no longer in the turbulent 
range. 

Figure 7 shows the correlation of yield with T, with im- 
peller speed and diameter, vessel  size, feed location, and 
solution viscosity as the variables. Values of Lf were 
taken as the vessel radius for the upper feed location and 
the turbine diameter for the turbine feed location. The fig- 
ure also includes the results for increased feed addition 
rates. These fall on the correlation without further correc- 
tion because this variable did not produce significant dif- 
ferences over the range tested. The same i s  true for the 
effect of a feed distributor, in agreement with the correla- 
tion based on u', because this variable would not be af- 
fected by either addition time or feed distribution. All of 
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Fig. 6. Y i e l d  of R correlated with f luctuating velocity,  25OC. 
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Fig,  7. Y i e l d  of R correlated wi th  T, 25OC. 

these data are in Figure 7 .  The correlation seems to repre- 
sent well the variables associated with mixing within the 
vessel. 

REACTION RATE 

It was considered important to investigate how the 
change in the speed of a reaction affects the overall re- 
sults. This  was done by varying the reaction temperature, 
thereby altering the k’s. Increased reaction rates can be 
expected to decrease the yield because the amount of A 
and B that can react prior to complete mixing will be in- 
creased, subjecting the A thus reacted to increased over- 
reaction to S. A correlation based on the amount of reac- 
tion occurring under partially mixed conditions would in- 
clude k ,  to represent the reaction rate; the high B concen- 
tration in the B-rich eddies makes i t  possible to treat the 
reaction a s  pseudofirst order in this  zone. Thus, neglect- 
ing the second reaction 

da - = - k ,ab  
d s  

where b can be considered constant. Integration for a 
first-order reaction gives 

(11) 

If time T i s  taken as the microtime scale  previously dis- 
cussed, the group k ,  h i s  a measure of the extent of con- 
version of A and B under conditions of partial segregation. 
The group i s  similar to the dimensionless reaction time 
when the time i s  the total elapsed time. 

constants must be separated from the effect caused by a 
change of the ratio, k,/k,. This can be accounted for 
through the ratio (Y/Yexp) 100, which reflects the percent- 
age decrease in yield attributable to mixing and i s  used in 
comparisons of data  taken at different temperatures. 

of B feed concentration on yield. This was examined, but 
the simultaneous effect of potassium iodide concentration 
on rate could not be separated from that due to iodine con- 
centration, and the da ta  are  unsuitable for correlation. The 
effect of initial A concentration was also studied. An in- 
crease in this concentration decreased the yield, and this 
can be included in the overall correlation by the combina- 
tion ( k ,b? ) (aJb) .  The results for all the data are shown in 
Figure 8, which includes the full range of all the variables 
listed in Table 2 .  The two points at 45°C. for the upper 
addition point are not well correlated by this  technique. 
No satisfactory reason could be assigned, although these 

The effect of mixing on yield for different reaction rate 

The dimensionless group k,  b~ also predicts an influence 

Fig. 8. Y i e l d  of R correlated with ( k , b T ) ( o , / b ) .  

runs did result in some iodine loss  a s  indicated by the 
iodine balance. Nevertheless, a l l  the yield trends for the 
nine variables are reasonably well handled. The runs made 
without baffles are not included in any of the correlations 
because no method of evaluating the local fluctuating ve- 
locities is available. 

POWER / V O  LUME 

A scale-up method based on equal fluctuating velocities 
can be compared with a commonly used method based on 
equal power per unit volume for geometrically similar ves- 
sels. Power input for the 25OC. runs was computed from 
the standard correlations (8,  17), and i t s  effect on yield i s  
shown in Figure 9. Power per unit volume i s  obviously in- 
capable of correlating the widely different local conditions 
within a stirred vessel. In a fixed feed position the a g r e e  
ment i s  improved. However, for s c a l e u p  from 5 to 36 
liters, the power per unit volume required for equal yields 
on the larger scale  is approximately onehalf  that for the 
smaller scale with the smaller turbines. The larger tur- 
bines produce better agreement. Within the &liter vessel 
the two turbine s izes  are not well correlated, with the 
larger turbine requiring roughly onehalf  the power for an 
equivalent yield with the smaller turbine. The reduction in 
power required for the unbaffled case i s  evident, making 
this an interesting area for further work. 

Another frequently used s c a l e u p  technique i s  that of 
maintaining equal impeller tip speed. That i s  in agreement 
with the results of this work for the case of feed addition 
at the turbine discharge, since the fluctuating velocity at 

I 
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Fig. 9. Influence of impeller power/volume, 25OC. 
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that location i s  directly dependent on turbine-tip speed, 
Equation ( 5 ) .  The tip speed will not correlate the data for 
the upper feed position, however, as indicated by 
Equation (4). 

D ISC USSION 

The first objective of this study was to establish whether 
a measurable effect of mixing could be demonstrated for a 
homogeneous, multiple-reaction system. This was accom- 
plished in  the case of the reactions studied, where yields 
ranging fiom 50 to 72% were obtained, depending on mixing 
conditions within the turbulent regime of impeller Reynolds 
numbers. 

The second objective was to establish a method of pre- 
dicting under what conditions a multiple-reaction system 
would be subject to mixing effects. At any given mixing 
condition the magnitude of the rate constant k ,  will d e t e r  
mine whether the maximum yield will result as determined 
by k,/k,, or a reduced yield because of the finite time as- 
sociated with the mixing process. Values of k ,  can range 
over several orders of magnitude. For slow reactions, 
turbulent mixing will play no part because homogeneity on 
a molecular scale will be achieved in a very short time 
relative to the reaction time. Faster  reactions will result 
in increasing amounts of starting material being converted 
under partially segregated conditions until this amount 
significantly affects the yield. 

The primary value of this  work is believed to  be in sug- 
gesting for what order of magnitude of k ,  mixing effects be 
come important. The dimensionless microtime scale  for 
partially segregated reactions, a s  given by the group 
(kibT)(ao/b), can be  estimated for any reaction system, 
provided k, and an estimate of the fluctuating velocity are 
at hand. If necessary, a n  estimate of T of the order of 
magnitude used in  this work will be suitable. As suggested 
by Figure 8, if the value of the group i s  l e s s  than lo-’, the 
reaction i s  possibly not subject to significant mixing ef- 
fects. Furthermore, the rate constant k ,  can be expressed 
as a pseudofirst-order constant k;  for constant b by com- 
bining k, and b. With values of a, and T used in this work, 
a pseudofirstcorder rate constant k’, of approximately 0.5 
set.-' can be shown to be an estimate of the lower limit for 
which mixing will be important. A s  the rate increases, a 
decrease in yield can be  anticipated for constant mixing 
conditions. For values of ( h , b ~ )  (a,/b) greater than lo-’ 
or of k ;  greater than 0.5 set.-', special mixing design is 
indicated. If no additional mixing equipment i s  to  be  used, 
the feed position at the turbine discharge is superior to the 
two other positions studied. Feed injection near the t u r  
bine i s  common practice, but for sufficiently high reaction 
rates even this position does not give perfect mixing in  a 
short enough time to prevent significant yield loss. Such 
rapid reactions require auxiliary equipment such as line 
mixers to maximize the yield. 

The third objective was to  define what mixing parameters 
best describe the mixing regime critical to chemical reac- 
tion. The fluctuating velocity at the point of feed intro- 
duction was found to be very effective in determining yield 
response, and i s  therefore suggested as a critical mixing 
parameter. Thus, when the reaction was scaled up from 5 
to 36 liters, the turbine speeds for the larger scale  were 
calculated by maintaining u’ constant on both scales ,  and 
the yields were identical within expected experimental 
error. This suggests a scale-up method based on constant 
u’ at the point of feed introduction to  maintain constant 
yield. Experimental work on still a larger scale  would be 
of great value, but was too expensive for the present study. 

It should be noted that these considerations can apply to 
reactions i n  which a definite consecutive or competing re- 
action cannot be defined. On a small scale the secondary 
reaction may produce only a nondetectable amount of im- 

purity. However, if mixing conditions on scale-up are not 
properly designed, the extent of such side reactions could 
increase and cause process difficulties, particularly in  re- 
cycle processes where trace impurity concentrations could 
build to unexpectedly high levels. 
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N OT AT ION 

a = concentration of A, g.-moles/liter 
A = moles of reactant A 
b = concentration of €3, g.-moles/liter 
B = moles of reactant B 
0 = impeller diameter, ft. 
H = average liquid depth, ft. 
k, = second-order rate constant for first reaction, 

liters/(g.-mole) tsec.) 
k ,  = second-order rate constant for second reaction, 

liters/(g.-mole) (sec.) 
Lf = characteristic length scale for vessel, ft. 
N = impeller rotational speed, rev./sec. 
R = moles of product R 
T = vessel diameter, ft. 
u’ = fluctuating velocity, ft./sec. 
U = average velocity, ft./sec. 
Y = reaction yield, R/A ,  

E = local rate of energy dissipation/mass, sq. ft./sec. 
‘1 = characteristic length of microscale eddy, ft. 
u = kinematic viscosity, sq. ft./sec. 

Yexp ,= Y for instantaneous, perfect mixing 

Subscript 
, = initial value 
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