
Q = volume flow rate 
R = radius 
T = absolute temperature 
u 

V = void space velocity 
X ,  = effective porosity 

Greek Letters 

7 = kinematic viscosity ( T / p )  
E = fraction void space 
AP = pressure drop 
[ T ]  = intrinsic viscosity 
7. = apparent viscosity 
7. = Couette viscosity 
7. = viscosity at zero shear rate 
7.' = effective apparent viscosity 

= mean, point condition velocity in Z direction of 
cylindrical coordinates 

p = density 
r = shear stress 
r8 = effective shear stress 
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Mixing and Chemical Reaction in Turbulent 

Flow Reactors 
R. NORRIS KEELER, E. E. PETERSEN, and J.  M. PRAUSNITZ 

University of  California, Berkeley, California 

Mixing and a rapid, second-order irreversible chemicat reaction were studied in a turbulent 
chemical flow reactor, with a point conductivity probe used to detect changes in concentra- 
tion. From the mathematical theory of Toor, i t  is shown experimentally that data on the 
mixing of a passive scalar additive in a nonreactive system may be used accurately to predict 
the yield of a rapid, irreversible second-order reaction when the hydrodynamics and initial 
conditions on mixing for the reactive system are identical to those of the nonreactive system. 
Increasing the bulk average concentration of one reactant is shown to have a strong effect 
on the overall reaction yield. 

BACKGROUND mediate case. The two limiting cases occur when either 

One of the important problems of chemical engineering 
is prediction of fractional conversion at the outlet of a 
turbulent flow reactor in which the reactants are intro- 
duced and are allowed to mix and react. This problem 
may be rephrased in terms of chemical engineering reac- 
tor design; given the hydrodynamic or mixing properties 
of a flow reactor, and the kinetics of a chemical reaction, 
calculate the conversion accomplished in the reactor. This 
problem has been completely solved for a very limited 
number of cases, but until recently, little experimental or 
theoretical work has been done on the problem of simul- 
taneous mixing and rapid chemical reaction. 

Chemical reactions carried out in turbulent flow reac- 
tors can be divided into two limiting cases and one inter- 

R. N. Keeler is presently at the Lawrence Radiation Laboratory, 
University of California, Livermore, California. 

hydrodynamics or kinetics cokpletely dominate a com- 
bined mixing-reaction system. In the first limiting case 
the kinetics of the reaction are so rapid that the reaction 
is complete when mixing is complete. Reactions of this 
type are commonly called difusion-controlled reactions, 
since the molecular diffusivity is the only reaction-limiting 
factor in the fine structure of the flow field. The second 
limiting case is the situation in which the kinetics of the 
chemical reaction are so slow that the reactants are com- 
pletely and thoroughly mixed before any appreciable reac- 
tion has taken place. This corresponds to the most fre- 
quently encountered case in reactor design. The interme- 
diate case, where both the hydrodynamics of mixing and 
the kinetics of reaction play a significant part in determin- 
ing reaction yield, is interesting and becomes important in 
certain systems such as flame reactors. This paper con- 
siders the case of the diffusion-controlled reaction. 
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EXPERIMENTAL EQUIPMENT 

The flow reactor used in this investigation was originally 
constructed for the work of Cairns ( 5 ) .  A schematic of the 
flow system is shown in Figure 1. The incoming water passed 
through the flow distributor and into the calming section, a 
part of the flow development section. The flow distributor had 
the function of generating a flat velocity profile. The flow then 
passed the injector, the turbulence producing grid, and entered 
the reactor. The reactor was simply a 2- or 4-ft. section of 2- 
or 4-in. I.D. Pyrex pipe which terminated in a stainless steel 
overflow tank. The overflow tank maintained a constant head 
on the flow system and permitted establishment of a constant 
flowrate through the system. 

For runs in which mixing experiments were conducted, elec- 
trolyte solutions were introduced through the surge relief line 
into the main stream through the hairbrush injection system, 
consisting of an array of 156 or 37 hypodermic needles. The 
main stream was tap water supplied from a constant-head tank 
on the roof of the laboratory. For the reaction runs, where 
acetic acid solutions were injected into a main stream of am- 
monium hydroxide solution, the reservoir for the concentrated 
acetic acid was a hastelloy piston and cylinder injection sys- 
tem; the ammonium hydroxide solutions were stored in a large 
lead-lined tank mounted in the roof of the laboratory. For all 
runs, the main stream flow was gravity flow. 

In order to produce turbulence of a known character, square 
mesh wire grids were mounted at the entrance of the Pyrex 
pipes. These grids, 2 and 4 in. in diameter, had mesh lengths 
of Y4, YE, and 1/16 in., with mesh length to wire diameter 
ratio of 2.6. 

Concentration measurements were made by the conductivity 
method. This experimental approach is based on the fact that 
at low electrolyte concentrations, the conductivity of an aque- 
ous solution is directly proportional to the concentration of 
electrolyte (6) .  The unique experimental feature of this work 
was the development of a microconductivity probe consisting of 
a thin platinum wire coated with Pyrex except at the tip which 
had higher resolution and greater sensitivity thas probes used 
by previous investigators. A full description of their construc- 
ion is given elsewhere ( 7 ) .  The platinum tips of the conduc- 
tivity probes ranged in size from about ?h fi  to 25 ,.L in diameter 
and were capable of detecting root-mean-square concentration 
fluctuations (relative to average concentration) of 4 x lo-‘, 
expressed as equivalent noise level. 

Block diagrams of the overall electronic circuitry are shown 
in Figure 2. Measurements were made with two circuits, the 
load resistor and bridge. Load resistors have been used by 
numerous investigators, while bridge circuitry was used initially 
by Kramers et al. (8) and more recently by Gibson and 
Schwarz (9) .  The probe consisted of one electrode, the con- 
ducting liquid providing the ground, an arrangement first 
tested by Lawrence ( 1 0 ) .  The fluctuations of concentration 
were measured as root-mean-square voltage fluctuations on a 
root-mean-square voltmeter. For the reaction system, a volt- 
meter was used to measure the average product concentration 
as an average voltage. 

/I /i ,TEST SECTION 

t 
WATER IN 

Fig. 1. Flow system. 

PREVIOUS WORK 

There have been a t  least two attempts to find exact so- 
lutions for the cases where the conversion in a chemical 
reactor is affected by the rate a t  which the reactants mix. 
In 1957, Danckwerts (1) defined a quantity he called 
intensity of segregation, which is a property of all mixing 
systems. He related this quantity to the conversion in a 
reacting system with flow characteristics identical to those 
of the mixing system. Unfortunately he defined the intens- 
ity of segregation in such a way that it was not possible 
to obtain this quantity from a mixing experiment and then 
use it to predict conversion rates in a chemical reactor. 

In two papers published in 1959 and 1962, Toor (2, 3 )  
used transformations first proposed by Burke and Schu- 
mann ( 4 )  to solve mathematically the limiting case of an 
instantaneous or diffusion-controlIed reaction. The fact 
that the diff usion-controlled chemical reaction and mixing 
system are mathematically equivalent when flow hydro- 
dynamics are identical has been well known for some time; 
however, the application of the required transformations 
to turbulent flow systems required considerable insight 
and understanding of turbulent mass transfer processes. 
The solution was presented in such a way that the degree 
of completion of reaction could be predicted by using data 
obtained froni a mixing experiment carried out under 
identical hydrodynamic conditions. In order to investigate 
the applicability of the theory of Toor, both chemical re- 
actions and mixing experiments were carried out in the 
same turbulent flow reactor. 

ofEE;y&AL DEMODULATOR SIGNAL - 4 R<< TOTAL PROBE RESISTANCE 

PROBE IN SOLUTION; 
SOLUTION GROUNDED 

RESISTANCE OF 
SOLUTION 

( 0 )  

535 osc 

( b )  

Fig. 2. Electronic circuitry. a. Probe and aux- 
iliary circuitry. b. Overall Q circuitry. 

MIXING STUDIES 

In turbulence studies it is customary to measure root- 
mean-square (or mean-square) quantities and to refer 
these quantities to their initial root-mean-square, mean- 
square, or average value. The concentration a t  a particular 
point in space and time can be divided into a time average 
and a fluctuating term: 

The experimental equipment described in the preceding 

section was designed to measure c and d- c” as time aver- 
age and fluctuating voltages, which could be interpreted 
as their concentration equivalents. 

Because of the direct relationship of mixing and chemi- 
cal conversion in flow systems such as the one studied in 
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this research, two new terms will be defined: 

d,I 
q E 1 - - E  fractional completion of mixing 

I- 

% 
mole fraction average product concentration at 
a point in reactor 
mole fraction average product concentration at 
completion of reaction 

F E  

= fractional completion of reaction 

The mole-fraction-average product concentration at com- 
pletion of reaction is equal to the initial concentration of 
the reactant present in smallest stoichiometric quantity, 
that is the initial limiting reactant concentration. 

The fractional completion of mixing and the fractional 
completion of reaction both exhibit the same asymptotic 
behavior; they are both zero at the entrance of the reac- 
tor, and in the case of the diffusion-controlled reaction 
studied in this research, both quantities approach unity 
as time (or distance down the reactor) approaches infinity. 
That this is indeed the case for difhsion-controlled reac- 
tions can be seen if one considers such reactions to be in- 
stantaneous. If a fluid containing pockets or eddies of re- 
actants were suddenly mixed on a molecular scale, the 
reaction would be completed at that instant. Thus, for 
diffusion-controlled reactions, completed mixing implies 
completed reaction. 

INITIAL CONDITIONS ON MIXING 

The quantity dz,” which appears in the denominator 
of the second term in the definition of fractional comple- 
tion of mixing is some initial value of the root-mean-square 
tracer concentration fluctuations. This quantity can be 
calculated directly for systems which are one dimensional. 
In practice, this quantity must be determined experimen- 
tally or empirically. 

For an ideal, one-dimensional system, where the flow 
rate of the tracer is a small fraction of the total flow rate 
such as is shown in Figure 3, a traverse may be drawn 
in the plane of injection, and for systems in which the 
amount of tracer solution injected is very small, the mean- 
square value of the concentration along this line is given 

- tc,”s, 
( 2 )  * C,” = - 

The term C,‘ can be taken out of the summation term. It  
is a constant across all concentration eddies encountered 
along the line 1, since molecular diffusion has not yet had 
a chance to smear the infinitely steep concentration gradi- 
ents at the tracer injection point. Now the remaining term 
26JE is simply equal to the ratio of the injection rate to 
the total flow rate in volumetric units. Therefore 

by 

1 

Thus, the initial value of the root-mean-square concen- 
tration fluctuations is proportional to the concentration of 
the tracer in the injected stream and to the square root 
of the injection rate. The concentration fluctuations at  any 
point in a one-dimensional flow system show the same de- 
pendence on flow rates and tracer concentration as that 
expressed in Equation (3)  for the initial concentration 
fluctuations. 

0 For derivation of exact expression, see Appendix. 

t > to  

-t = to INJECTION OF - 
TRACER 

MAIN FLOW 
(a) 

C, 

OF TRACER 
CONCENTRATION 1.0 

0. I 
DISTANCE ALONG LINE IN PLANE t = to 

(b )  

Fig. 3. lnitiul conditions on injection o i  tracer. 
a. Physical configuration a t  injection system. 
b. Concentration distribution along a line in 

the plane t = to (after Corrsin). 

Equation (3)  can also be expressed in terms of the 
average concentration in a one-dimensional turbulent mass 

transfer system, where C is constant, since C = C, -: 
- - 1 

c, 

(4) 

Thus it is suitable to normalize the value of root-mean- 
square concentration fluctuations at a point in the reac- 
tor by the average concentration, provided the ratio of G 
to Z remains constant. 

Since it is necessary to disturb a flow field to introduce a 
side stream into it, strong anisotropy of both average local 
velocity and average concentration exists at the tracer in- 
jection point. Therefore, the assumption that concentra- 
tion fluctuations appear to originate at the tracer injection 
point with an intensity calculable from Equation (3)  or 
(4) is subject to serious scrutiny. While it is possible to 
evaluate various theories of mixing from a reduced root- 
mean-square concentration fluctuation which has been 
normalized by an initial value of root-mean-square con- 
centration fluctuations calculated by Equation (3) or (4), 
the use of these equations must be modified when com- 
parison between reacting and mixing systems are made. 

THEORY OF SCALAR DECAY 

Since Toor has established correspondence between 
mixing and dlEusion-controlled reaction, it is of interest 
to investigate the effects of changing such parameters as 
Schmidt number, turbulent velocity microscale, and vis- 
cous dissipation rate upon the rate of scalar decay. 

Most theoretical work before 1962 indicated that for 
the scalar temperature and concentration, which are gov- 
erned by the diffusion equation 

one could expect a decay law of the form 

(6) 
- 
c” = constant ( 7 )  

However, the work of Batchelor (11, 12) in 1959 on the 
spectrum of a scalar in an isotropic turbulent flow field 
cast some doubt on the role of molecular or thermal dif- 
fusivity in the time decay of scalar quantities in turbulent 
flow fields, In 1962, Corrsin (13) utilized Batchelor’s find- 
ings and some of his own previous work to develop a new 
theory of scalar decay. For the case of decaying velocity 
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field and a high Schmidt number which was studied in 
this research, Corrsin derived the expression 

wh'ere 

Equation (7) was derived for N R ~ ,  large; NR., for this re- 
search was relatively low. However, it was possible to vary 
the parameters of Equation (7) to give the first qualita- 
tive test of Corrsin's theory. 

When Equation (7) is integrated and rearranged, a 
decay law of the form originally proposed by Gibson 
(14) is obtained 

with the constant (Y dependent on the velocity field, and 
the constant a defined by the term in brackets on the 
right-hand side of Equation (6). The integration of Equa- 
tion (7) requires the assumption of a specific velocity 
decay law; namely the initial period decay law, verified 
by several investigators (1 5) . 
EXPERIMENTAL TEST OF THE THEORY OF CORRSIN 

In order qualitatively to verify the predictions of Corr- 
sin's equation, a study was made of the effect of varying 
grid solidity, molecular diffusivity, and ratio of the integral 
scale of turbulence to the integral scale of velocity on 
scalar decay. 

Figure 4 shows a comparison of the data of Gibson and 
Schwarz with the data of this research. Using a least- 
squares fit and rejecting four points, Gibson and Schwarz 
obtained a value of -1.38 instead of -3/2 for the expo- 
nent in Equation (6) .  The data points plotted in Figure 
4 were points taken from runs where the sum of terms in 
the denominator of Equation (7) was roughly the same 
as the sum of these terms in the Gibson and Schwarz 
work. It can be seen that the slopes of the two sets of 
data are approximately equal, as would be predicted by 
Equation (7). The data are displaced vertically, which 
is probably a consequence of the different grid solidities. 
Figure 4 shows that within the limits of experimental scat- 
ter, there appears to be no difference between data points 
for the decay of sodium nitrate concentration fluctuations 
and the decay of zinc sulfate concentration fluctuations. 
The Schmidt number for the sodium nitrate runs was one- 
half the Schmidt number for the zinc sulfate runs, as the 
diffusivity of the two materials differs by a factor of 2; 
no strong dependence of scalar decay on diffusivity as 
predicted by some investigators was found, confirming the 
negligible effect of changing diffusivity predicted by 
Equation (7). 

In the past, the effect of changing velocity scale upon 
the rate of scalar decay has been largely ignored, although 
physical arguments had been offered for the existence of 
this effect. Hinze (16), in discussing the work of Towle 
and Sherwood (17) and McCarter et al., argued that 
' I .  . . reduction in the coefficient of eddy diffusion by de- 
crease in the scale of turbulence is often greater than the 
increase caused by the augmented intensity of turbu- 
lence." These remarks were made in connection with a 
system in which the scalar was introduced as a point 

*See  Corrsin, Stanley, A.1.Ch.E. Journal 10, 870 (1964) for a dis- 
cussion of this equation. 

i, REDUCED DBTANCE DOWNSTREAM FROM GRID 

Fig. 4. Decay of concentration fluctuations 
behind a square-mesh grid. 

source, but the same concepts are obviously applicable to 
systems in which there are no radial gradients of con- 
centration. 

Equation (7) takes this effect into account, as the ratio 
of concentration scale L,  to velocity scale L appears in the 
denominator. In order to verify experimentally the exist- 
ence of this effect, two experiments were carried out in 
which the initial conditions on mixing were identical, but 
the grids used to produce turbulence in the reactor were 
of different mesh size, although geometrically similar. The 
data are plotted in Figure 5. The ordinate of Figure 5 was 
chosen so that the data of Figure 4 (Re ,  = 800 to 2,400) 
which fortuitously obeyed the -3/2 law would be a 
straight line. Scalar decay at an exponential rate less than 
-3/2 would be represented by a family of curves bending 
toward the abscissa; more rapid decay rates generate a 
family of curves bending toward the ordinate. It can be 
seen that the curve for grid No. 2 has a slope decreasing 
continuously toward the abscissa, indicating a value of a, 
the decay constant of Equation ( 8 ) ,  less than 3/2. This 
is in qualitative agreement with the prediction of Corrsin's 
Equation (7) ; namely, decreasing the scale of turbulence 
decreases the rate of scalar decay. 

THEORY OF DIFFUSION-CONTROLLED REACTIONS 

The simplest imaginable turbulent flow reactor is a box 
or tank in which the turbulent velocity field is isotropic 
and decaying, or isotropic and stationary, and the reactants 
are homogeneously dispersed throughout the reactor. In 
such a system, there are no spatial gradients of average 
velocity or average concentration, and the average and 
root-mean-square quantities vary only with time. Such a 
system would be the easiest to treat from the theoretical 
standpoint. 

!i 
50 

3 

i 4 0  

% $30 LS 
s 

L O  

; 10 
3 

20 40 60 6 ,  DIMENSIONLESS DISTANCE DOWNSTREAM OF GRID 

Fig. 5. Effect of changing turbulence scale on 
rate of decay of concentration fluctuations. 
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The turbulent flow reactor used in this research was a 
one-dimensional system, generating an isotropic decaying 
turbulent flow field, decaying down the length of the 
reactor. In the previously described mixing runs, the hair- 
brush injector distributed the tracer homogeneously into 
the mainstream as it entered the reactor, and in the reac- 
tion runs, one reactant was dispersed homogeneously into 
the other. Thus, a one-dimensional system was achieved. 

Beek and Miller (18) were apparently the first to point 
out the importance of the magnitude of the mean-square 
concentration fluctuations in mixing. Although the theories 
upon which their work was based have been replaced by 
the more recent work of Batchelor (11) and Corrsin ( 1 3 ) ,  
the authors made the very important point that the yield 
of a chemical reaction in a flow reactor is related to the 
decay of concentration fluctuations of a tracer introduced 
under identical flow conditions. They suggested that con- 
centration fluctuation data can be used to scale turbulent 
flow reactors but offered no details as to how this could 
be done quantitatively. 

In the two previously mentioned papers of Toor (2, 3 ) ,  
the problem of conversion in laminar and turbulent flow 
systems was studied. Toor took the basic transformations 
of Burke and Schumann ( 4 )  and applied them to turbu- 
lent flow systems. 

For turbulent flow systems, the approach of Toor re- 
vealed that in diff usion-controlled reactions, solutions will 

be found in terms of the parameter dc3/ dcz as sug- 
gested by Beek and Miller. Making the assumption that 
the fluctuating component of concentration is normally 
distributed around the mean, Toor was able to use a rela- 
tion of Hawthorne et al. (19) to obtain the solution for 
the yield of a diffusion-controlled reaction in terms of the 
equivalent mixing problem even when reactants were 
present in nonstoichiometric amounts. For reactants pres- 
ent in stoichiometric amounts 

- -  

F = . r ,  (9) 
For the case where the reactants are not present in stoi- 
chiometric amounts, a more complicated expression is ob- 
tained: 

F = l + ( P - l )  { l + g [ ~ ( l - - - ? ) I }  (10) 
where 

REACTION STUD I ES 

In order to test the theory of Toor, the reaction of am- 
monium hydroxide and acetic acid was carried out in the 
turbulent flow reactor. This reaction possesses several 
advantages : 

1. It is an ionic reaction, very rapid, and hence can be 
considered diffusion controlled under conditions where 
the reactants mix and react. 

2. The reaction is irreversible for all practical purposes. 
3. The heat of reaction is low and may be considered 

negligible for this work. 
4. The molecular diffusivities of the reactants are al- 

most equal ( Dn - D,, one of the assumptions of Toor). 
5. The electrical conductivity of the products is much 

greater than the electrical conductivity of the reactants. 
The fractional completion of reaction was measured for 

reacting mixtures in which the ratios of ammonium hy- 
droxide to acetic acid were 1:1, 2:1, and lO:l, respec- 
tively. For every reaction run, there was a mixing run 
carried out under the same conditions of geometry, hydro- 
dynamic flow, and introduction of side stream. 

Fig. 6. Rate of approach to completion of re- 
action with decay of concentration fluctua- 

tions. 

Figure 6 shows the result of a single mixing run and a 
single reaction run which wme carried out at a mesh 
Reynolds number Re, of 1,200, based on the mesh length 
of the fine grid used to generate the turbulent velocity 
field. The reactants were introduced in their stoichiometric 
ratio, that is B = 1. The root-mean-square concentration 
fluctuations reduced by their apparent initial value and 
the fractional completion of reaction are plotted against 
distance down the reactor, that is distance downstream 
from the grid. As expected, the reaction curve is a mirror 
image of the mixing curve, confirming the prediction by 
Toor that 

d; 
45 F=.r ,= l - -  (11) 

that is the fractional completion of reaction is exactly 
equal to the fractional completion of mixing when 16 = 1. 

In order to examine fully the effect of changing B, the 
results of the runs with = 1, @ = 2, and /3 = 10 are 
plotted against the predictions of Toor given in Figure 6 
of reference 3.  Agreement with theory is good. 

Every point plotted on Figures 7 ,  8, and 9 is a point for 
which mixing and reaction data were taken under identi- 
cal hydrodynamic conditions. The addition of one reactant 
in excess exerts a strong effect upon the fractional com- 
pletion of reaction, forcing the reaction to completion long 
before mixing is complete. This suggests that when one of 
the reactants is inexpensive and easily recovered, it would 
be feasible to add this reactant in great excess, decreasing 
the reactor length required for a desired fractional com- 

9, FRACTIONAL COMPLETION OF MIXING 
Y 

Fig. 7. Theoretical predictions and experi- 
mental results, j3 = 1. 
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9, FRACTIONAL COMPLETION OF MIXING 

Fig. 8. Theoretical predictions and experi- 
mental results, p = 2. 

pletion of reaction. This technique would be particularly 
useful for reactions where almost complete conversion is 
desired. 

EXPERIMENTAL INITIAL MIXING CONDITIONS 

In order to determine the region where the reaction and 
mixing systems become truly one dimensional, it was 
necessary to locate the plane of homogeneity, that is the 
plane normal to the pipe axis across which there was no 
radial variation of time-average or fluctuating quantities. 
For each run, traverses were made across the reactor in 
planes normal to the pipe axis with the conductivity probe. 

c and d> were measured, and it was found that the sys- 
tem became one dimensional about 1 cm. downstream 
from the grid, although this distance was difficult to de- 
termine with precision. Traverses taken downstream from 
the plane of homogeneity revealed that no radial gradients 
of average or fluctuating quantities developed down- 
stream of the plane of homogeneity (to within 1/4 in. of 
the pipe wall) so that the system remained essentially one 
dimensional throughout the reactor. 

In order to apply the theory of Toor to this work, it is 
necessary to consider the experimental situation in detail. 
The one dimensional theory refers reaction and mixing to 
a plane of homogeneity. Thus, in general, it would be 
necessary to measure both product concentration in a 
reaction experiment and the magnitude of root-mean- 
square concentration fluctuations in a hydrodynamically 
equivalent mixing experiment to make predictions of re- 
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action yield further downstream. However, in experimen- 
tal systems such as the one used in this work, prediction 
of reaction yields can be made from mixing data alone. 

The ratio of the cross-sectional area of the injection 
needles to the cross-sectional area of the pipe is 1 : l O O .  
Since the flow velocity through the injection needles was 
equal to the mainstream flow velocity, the solution injected 
through the needles was present in the volumetric ratio 
of 1:100 to the solution in the main stream. Now suppose 
that a 1 N solution of some tracer is injected through the 
grid. At this point, in the plane of injection, Equation (3) 

gives an initial value for d- 2 of 0.1 N. If the stream con- 
taining tracer mixes completely with an equal amount of 
mainstream fluid by the time the plane of homogeneity is 

reached, the value of d~? in the plane of homogeneity 

will be - 0.07. By the criterion dadcz mixing is - 30% complete. But suppose that in a hydrodynamically 
identical reacting system, the reactants are present in stoi- 
chiometric amounts. Then, since the concentration of the 
reactant in the injected stream must be 100 times the 
concentration of the reactant in the main stream, the re- 
action would only be 1% complete by the time the mix- 
ture reached the plane of homogeneity. 

The purpose of this simple example is to point out that 
in a real system where the volume of the injected reactant 
is much less than the volume of the main stream, the effect 
of the initial anistropy at the injection plane is a large re- 
duction in reaction yield with respect to that which would 
be predicted for a one-dimensional system. Therefore, in 
this work, the following assumption was made; no reac- 
tion had taken place up to the plane of homogeneity. The 

value of d 2 in the plane of homogeneity was about one- 
tenth of that calculated from Equation (3) for initial con- 
ditions at the injection needles. By the criterion T, = 1 - 

( 6,, d s ) ,  this indicates that mixing was 90% com- 
plete by the time the flow passed the plane of homogeneity. 

The value of cxz 0.1 (4 2) e a l e  was then used as the 

initial value of dz for calculating 7. 
Measurements close to the grid were difficult to make. 

However, during several runs, rough measurements of 
fractional completion of reaction were made in the region 
between the grid and the plane of homogeneity. It was 
found to be between 2 and 5%, which justified the as- 
sumption of no reaction before the plane of homogeneity. 
Nevertheless, there is no question that better results than 
those shown in Figures 7 ,  8, and 9 could be obtained if 
mixing and reaction runs were correlated. The assumption 
of no reaction before the plane of homogeneity is neces- 
sary in order to predict reaction yield from mixing results 
only. 

- 

- -  

- 

d- 
- 

CONCLUSIONS 

The decay of concentration fluctuations in an isotropic 
turbulent flow field was studied with a high-resolution 
ekctricaI conductivity probe. The decay rate was found to 
agree, at  least qualitatively, with the most recent theories 
of Corrsin. The model of Toor was used to predict the 
conversion of a diffusion-controlled chemical reaction in a 
turbulent plug flow reactor. Further advances in the field 
now depend upon resolution of the problem of mixing and 
chemical reactions in anisotropic systems such as turbulent 
jets. 
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NOTATION 

a =  
a,b = 

c =  

c’ = 
- 

d& 
c =  
c, = 

c =  
c, = 

d =  
D =  
F =  
G =  
I =  
1 =  
L =  
L, = 

M =  
R =  

- 
- 

constant in decay law 
stoichiometric coefficients for the diffusion-con- 
trolled reaction aA + bB + products 
fluctuating component of concentration 

root-&em-square concentration fluctuations, dia 
initial root-mean-square concentration fluctua- 
tions, calculated or effective 
concentration 
concentration of tracer in injected stream 
time average concentration 
space (and time) average concentration of tracer 
mesh diameter 
molecular or thermal diffusivity 
fractional completion of reaction 
overall flowrate through reactor 
tracer injection rate 
length of traverse line 
particular integral scale of turbulent motion 
particular integral scale of concentration fluctua- 
tions 
mesh length 
resistance, ohms 
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N R ~ ~  = mesh Reynolds number, D M / v  
N R ~ ~  = turbulence Reynolds number, u’X/v 

Ns. = Schmidt number, v / D  
t = time 
u = fluctuating velocity component 

u‘ = root-mean-square concentration fluctuation, ’$ 
U = velocity 
U = average velocity - 
- v” = root-mean-square voltage 
V = average voltage 
x = distance 
x,y,z = space coordinates 
Greek Letters 
a 

APPENDIX 

At the instant a tracer solution is injected into a stream of 
fluid, molecular diffusion has not yet had a chance to smear 
the infinitely steep concentration gradients existing in the plane 
of injection. A traverse taken in this plane would show a con- 
centration profile similar to the profile of Figure 3b. The root- 
mean-square concentration fluctuations in this plane can be 
calculated and can be considered an initial value of fluctuations 
in a mixing system. Lawrence and Keeler, Gibson, Manning 
and Wilhelm have treated this problem theoretically. 

Consider the injection of a tracer concentration C1 injected 
with a volumetric flowrate I into a main stream with flow rate 
G. A traverse in the plane of injection encounters either con- 
centration eddies of concentration C, or mainstream regions 
with concentration zero. Now the mean square concentration 
fluctuation in this traverse is given by 

- 

= pre-exponential factor in decay equation 

= initial value of root-mean-square reactant con- 

= increment of distance through concentration eddy 

= fractional completion of mixing, 1 - ds 

- p = stoichiometric parameter, acB/bcA coa= ( c , - C ) ~ I + C ~ G  

( G : l ) *  
- centration 

8 where c = average concentration 

Then,c,“ = C,’ 

obtained: 

- 
GI 

7 

v = kinematic viscosity 
T = time - 

, and for G >> I ,  Equation ( 3 )  is 
x = microscale of velocity fluctuations ( G  + 

Su bscripts I I 

I 
G 

cP-Cla- and 

Since the ratio - for this work was always -, Equa- 100 o = initial value 
1 = tracer 
c = concentration tions ( 3 )  and ( 4 )  were applicable. 

G + I  

M = mesh 
x = microscale 1964; paper accepted September 11, 1964. 
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