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Very rapid, ropid, and slow second-order reactions were studied in an isothermal turbulent 
flow reactor. The two aqueous reactant solutions were separately introduced through many 
alternote jets and the reaction took place in the resulting nonhomogeneous mixture. Very 
rapid reactions were diffusion controlled and were in agreement with earlier theory. All 
reactions followed second-order rote laws based on time average quantities. The apparent 
reaction velocity constant was controlled by the mixing for very rapid reactions, by the chemical 
kinetics for slow reactions, ond by both mechanisms for ropid reactions. 

When a homogeneous chemical reaction takes place in 
a turbulent fluid the local instantaneous rate of reaction 
can be assumed to be described by the normal laws of 
homogeneous chemical kinetics. However, the local time 
average rate of reaction, r , ,  the mean rate, may be greater 
than, equal to, or less than the homogeneous rate at the 
local time average concentration, the homogeneous mean 
rate. Although the above statements are true whether or 
not the system is isothermal, in this paper only isothermal 
situations are considered. 

For the purposes of this discussion a homogeneous 
solution or mixture is one in which the RMS concentration 
fluctuations of all species are zero. The mean rate obvi- 
ously equals the homogeneous mean rate in homogeneous 
solutions and this is true even in nonhomogeneous solu- 
tions if the reaction is first order. 

In nonhomogeneous solutions the mean rate of a type I 
second-order reaction, A -+ A + product, is greater than 
the homogeneous mean rate, while the mean rate of a 
type I1 second-order reaction, A + B + product, may be 
greater or less than the homogeneous mean rate, depend- 
ing upon how the reactants are introduced; greater if the 
reactants are premixed, less if they are not. (The above 
assertions are easily justified by examining the appropri- 
ate time average expressions and noting that premixing 
gives a positive correlation between the fluctuating re- 
actant concentrations. while lack of premixing gives a 
negative correlation. ) 

The deviation from the homogeneous mean rate de- 
pends upon the rate of the reaction relative to the rate 
of mixing. Three arbitrary divisions are convenient: very 
rapid reactions, rapid reactions, and slow reactions. They 
correspond, respectively, to reaction rates much faster 
than the rate of mixing, reaction rates of the same order 
as the rate of mixing, and reaction rates much slower than 
the rate of mixing. The latter case is the simplest, and 
most reactor design studies have been concerned with 
this problem. It is under reasonably good control. [It 
is noted that in the flow methods of studying rapid 
chemical reactions in solution ( 1 4 ) ,  the reactions are slow 
in the above sense, since the experiments are designed to 
make the mixing much faster than the reaction.] 

Very rapid and rapid reactions present an entirely dif- 
ferent problem, for here the detailed turbulent motion 
can have a profound effect on the rate of reaction, es- 
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pecially with type I1 second-order reactions. Here two 
molecular species must be brought into intimate contact 
by molecular diffusion, aided and abetted by the turbu- 
lent motion. 

A premixed reactor is now an impossibility; the mixer 
is the reactor and the problem, which is the subject of 
this study, is to determine the mean rate of reaction, 
hence the mean conversion, under these conditions. 

Irreversible isothermal second-order type I1 reactions 
in dilute incompressible solution with stoichiometry given 

A + n B + products (1) 

(2)  

by 

and rate law by 

are to be considered. 

ra = - k, CAC, = r,/n 

The transport equations are 

+ V . V C ,  = V . D,  V C ,  + r , ,  i = A, B (3)  

and are intractable in this form. The time averaged form 
is 
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Fig. 1 .  Mixing device. 
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In order to solve Equations (4)  and ( 5 )  for Ec, and 
hence the mean rate of reaction, the cross product terms 
C,’V and CA’C,’ must be evaluated. A reasonable hy- 
pothesis for the former would be the usual eddy diffusiv- 
ity form. 

- 

- - 
- V’C,’ = E v c< 

However, further information concerning CA’CB’ is still 
required, for it is the term Cl’CB’/CACB that sets the dif- 
ference between the mean and homogeneous mean reac- 
tion rates. This term is important for rapid and very rapid 
reactions where the reactants must be separately fed to 
the reactor; CA’ and C,’ are then negatively correlated 
and the mean reaction rate is less than the homogeneous 
mean rate. 

Corrsin ( 2 ,  .3, 4 )  has done some preliminary analysis of 
the first-order and type I second-order reactions using the 
statistical theory of turbulence, but type I1 second-order 
reactions have been analyzed only at the diffusion con- 
trolled limit ( 1 5 )  . 

As k, increases without limit, CA’CB’ must approach 
-CAE, in order to keep finite. This is the case of veiy 
rapid reactions, the diffusion controlled limit; the reaction 
takes place on reaction surfaces within eddies ( 1  5 )  and 
the rate of molecular diffusion to these surfaces controls 
the rate of reaction. 

At this limit Toor ( 1 5 )  showed that it is possible to by- 
pass the details of the turbulent motion when DA = DB 
and to obtain a direct relationship between the conversion 
and mixing from Equations ( l ) ,  (2) ,  and (3 ) .  This 
analysis was based on the earlier work of Burke and 
Schumann ( 1  ) and Hawthorne, Weddel, and Hottel ( 7 ) .  

Thus, if solvent containing reactant A and solvent con- 
taining reactant B meet at 2 = 0 in a tubular reactor, the 
fluids intermingle and at some downstream distance 2, 
the mixture approaches uniformity on a coarse scale (EL 
independent of tube radius) and this can occur before 
homogeneity is reached. For 2 > 2, the problem is one 
dimensional and the results are then particularly simple. 

If the two streams enter in stoichiometric proportions, 
the time average fractional conversion of either species 
measured from 2, is given by the simple relationship ( 1 5 )  

(7 )  

- - -  

- 

F (  1) = 1 - ro/ro, 

where r” is the root mean square concentration fluctuation 
that would exist at any axial distance greater than Z, if 
species 2 were not present; that is, if species 1 did not 
react but was merely mixed with the solvent in the mixer, 
and roo is the RMS concentration fluctuation at the plane 
zo. 

Thus, Equation (7)  indicates a linear relationship be- 
tween the conversion and the accomplished mixing; this 
latter quantity depends only upon the turbulent field and 
measures the ability of the turbulent field to even out 
concentration fluctuations. 

TABLE 1. SYSTEMS USED 
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Fig. 2. f vs. Z, ,8 = 1, very rapid reactions. 

For nonstoichiometric mixtures Equation (7) is re- 
placed by ( 1 5 )  

where 

(7h)  

B = -  ( 7 c )  

Yo 1 B 
dy 

ierfc = ~ 

- 
d2ro 1--P 
- 
C B o  

n 
and F is the conversion of species A, the limiting reactant, 

These predictions were confirmed experimentally by 
Keeler, Petersen, and Prausnitz (8) for flow behind a 
grid using the very rapid reaction of ammonium hydrox- 
ide with acetic acid. 

Earlier experiments of this type were carried out by 
Hawthorne et al. ( I ) ,  Kramers (9) ,  and Danckwerts 
(10). In addition there have been a number of limited 
experiments carried out to determine the distance for 
mixing in connection with the flow method of studying 
chemical reactions in solution ( I  4 ) .  

This study is concerned with the determination of the 
mean rate of reaction over the full range of reaction vel- 
ocities, from very rapid to slow. A convenient means of 
following the reaction is to determine the temperature 
change along the reactor (which is generally about 
+ 0.2”C. for complete conversion in this work). When 
the system is uniform on a coarse scale (2 > Zu) Equa- 
tions (4) and (6) give 

Reactants 
Reaction velocity constant 

k,, I./moIe sec., 30°C. 

HCl-NaOH References 
HCI-LiOH 
HOOCCOOH-2LiOH -10“ 5 
~~~ ~ ~ 

HCOOH-LiOH 

CO,-nNHs ( n  varies 5.85 x 102 13,16,17, 18 
COANaOH 1.24 x 10‘ 12 

HCOOCH8-NaOH 4.7 x lo1 11 
from 1 to 2 )  

and for similar conditions with an adiabatic reactor, the 
energy equation yields 

The axial eddy diffusivities of heat arid mass are taken 
to be equal and much larger than the molecular values 
and since the boundary conditions on Equations (8) and 
(9) are similar, the solutions to the two equations must 
satisfy the equation 
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Hence measurement of the temperature rise gives the 
conversion, and if in addition eZ and k, are known, CBC,' 
may also be determined from Equation ( 5 ) .  In this work 
the axial diffusion appears to play a small role, so the 
assumptions concerning these terms are not critical. Equa- 
tion (10) is also valid in a nonuniform field in which 
the total diffusivities of heat and mass are equal if the 
overbars refer to bulk average values. This method of 
foIlowing the reaction is, in principle, the same as the 
classic thermal method of measuring reactions in solu- 
tion as described by Roughton and Chance ( 1 4 ) .  

EXPERIMENTAL 

The primary object was to design a mixing device that 
would yield a concentration field effectively uniform on a 
coarse scale and nonhomogeneous over a long enough axial 
distance. 

A number of mixing devices that had more or less known 
velocity fields were studied but none satisfied the required 
conditions. A satisfactory device was finally developed that 
consisted of 100, 0.052 in. I.D. parallel stainless steel tubes 
4 or 5 in. long (Figure 1 ) .  These tubes were pressed into 
holes in a ]%-in. diameter stainless steel disk that closed the 
upstream end of the 1G-in. I.D. Lucite reactor. The tubes 
terminated at the disk. The reactant solutions were fed 
through alternate tubes. The Reynolds number was 3,700 in 
the tubes and 15,000 in the reactor, The bulk velocity of 
the jets leaving the disk was six times greater than the bulk 
velocity of 15.85 in./sec. in the reactor. 

Deionized water was used to make up the reactant solutions. 
These solutions entered the reactor at 29.9"C. after passing 
through constant temperature baths. 

The reaction was followed by a traversing 30 g. copper 
constantan glass shielded thermocouple probe whose reference 
junction was in one of the feed streams just before the mixing 
device. The effective tip diameter of the probe was 0.059 in. 
The probe was calibrated against a standard thermometer and 
also checked in the reactor using known heats of reaction. 

The thermocouple signal was amplified by a Model-149 
Keithley Millimicrovoltmeter and then electronically inte- 
grated. In general, temperature changes could be determined 
to within ? 0.005"C. A fine thermocouple probe (effective tip 
diameter of 0.015 in.) was also used to examine the jets in 
detail. Unless stated otherwise measurements were made with 
the large probe. 

The signal from the probe at each station along the reactor 
was determined in the absence of reaction by passing pure 
water through the reactor. This signal was then subtracted 
from that obtained in the presence of reaction in order to 
correct for frictional heat generation, heat losses, and any 
small temperature difference between the two feed streams. 
The reactant feed concentrations were determined by repeated 
analyses during a run. 

The systems used are given in Table 1. Since the tempera- 
ture varied from 29.9 to 30.1"C. over the reactor, heats of 
reaction and other physical properties were taken at 30°C. The 
rate controlling steps are all second-order irreversible. Heats 
of reaction and reaction velocity constants are known. Most 
of the former and some of the latter could be measured di- 
rectly in the reactor. In these cases the check with known 
values was good. However, the mechanism of the carbon 
dioxide-ammonia reaction is not known as well as the others, 
so the results with this system must be treated with caution. 
Details of the chemistry and thermodynamics are summarized 
elsewhere ( 1 8 ) .  

Temperature measurements taken over the cross section of 
the reactor 'it various downstream distances showed that the 
temperature profiles read by the large probe were almost flat 
(maximum difference in signal between any radial point and 
the mean was 4%, 3/16 of an inch from the inlet and less 
farther away ) . Thus, the centerline temperature was taken 
as a measure of the bulk temperature and this value was used 

I 2 3 4 5 6 7 B 9 I0 
ACCOMPLISHED MIXING 

Fig. 3. Fractional conversion vs. accomplished mixing, very rapid 
reactions. 

in Equation (10) to compute the conversion. Since the probe 
diameter is about the same as the initial jet diameters, the 
constancy of the temperature reading does not imply a uni- 
form field. 

VERY RAPID REACTIONS 

The first four reactions in Table 1 are very rapid and 
serve as a test of the very rapid reaction theory. Nine 
separate experiments with stoichiometric mixtures of these 
reactants (B = 1) were carried out with inlet acid con- 
centrations varying from 0.0139 g.-moIes,/l. to 0.0250 
g.-moles/l. Inlet concentration of species i is defined as 
the moles of i entering the reactor per unit time divided 
by the total volumetric flow rate of both streams. From 
this point on, the subscript o refers to the inlet. This means 
that when (but only when) Equations ( 7 )  to ( 7 c )  are 
used the fluid is assumed to be uniform from the inlet on. 
Since and n were 1 in all but the oxalic acid-lithium 
hydroxide reaction, where it was 2, the inlet base con- 
centrations equalled the inlet acid concentrations in all 
but the latter reaction, where the inlet base concentration 
was twice the inIet acid concentration. 

The fractional conversion vs. distance from the inlet 
disk is shown in Figure 2. The best value, as well as the 
upper and lower values, of all measurements a t  each 2 
are shown on the graph. The four different systems were 
indistinguishable, justifying the assumption of the veiy 
rapid theory that the molecular diffusivities of the two 
reactants may be treated as equal. The results are also 
in accord with the prediction that fractional conversion 
is independent of inlet concentration and stoichiometric 
ratio at a fixed p. The mean rate of reaction is of order 
10Y times the homogeneous mean rate. On thc scale of 
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Fig. 4. Temperature differences between centers of hot and cold 
jets vs. distance. 
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When the data for B = 1 are plotted, as shown in Fig- 
ure 5, a straight line results and by a least square calcula- 
tion one finds 

2 ,  inches 

Fig. 5. Very rapid reactions, fi = 1. 

the graph the conversion predicted by the later rate law 
is a step function. 

The RMS concentration fluctuation was not measured 
so Equation (7) cannot be checked directly as Keeler 
et  al. did ( 8 ) .  However, a further check of the theory 
may be obtained by comparing the conversion measured 
at any /3 and Z to the conversion measured at the same 
Z with /3 = 1. The results are given in Figure 3. The solid 
lines are the predictions of Equation (7a). The jii = 1 
data were placed on the 45" line, Equation (7) ,  and the 
data taken for /3 > 1 were located on the same abscissa 
as the /3 = 1 point taken at the same 2. This is equivalent 
to assuming Equation (7) to hoId for /3 = 1 and using 
Equation (7a) to predict conversion of the limiting re- 
actant for /3 > 1. The agreement is very good. Deviations 
between measured and predicted values are within ex- 
perimental error. Again all four ionic reactions were used 
and were indistinguishable. /3 = 1.4 represents three 
separate runs, fl  = 1.75 five separate runs, and the other 
values of /3 single runs. Inlet concentrations of the limiting 
reactant covered the same range as those for j3 = 1. As 
predicted by Equations (7)  and (7a),  the conversion at 
a fixed /3 was independent of inlet concentration, n, and 
the choice of the limiting reactant. 

I t  is important to note that agreement between theory 
and experiment has been obtained, even at the first sta- 
tion with /3 evaluated at the inlet concentrations [Equa- 
tion (7c) 1. Since Equations (7) and ( 7 ~ )  assume uni- 
formity on a coarse scale, this indicates either that the 
concentration is effectively uniform very close to the inlet, 
or that the effect of j3 in a nonuniform field on the space 
mean concentration (or space mean reaction rate) is the 
same as in a uniform field. 

ood agreement 

probe the field. This was done by passing hot and cold 
water through alternate jets. The difference between the 
centerline temperatures of the hot and cold jets over the 
initial difference is plotted against distance in Figure 4. 
Although the jets are indistinguishable only after 0.8 in. 
(where the fractional conversion for /3 = -1 is 93%), 
much of the fluid is probably close to uniform at con- 
siderably shorter distances, since Figure 4 measures only 
the maximum nonuniformity. However, it does not seem 
likely that the fluid can be treated as uniform before the 
first station, 0.1875 in. Radial temperature measurements 
are being undertaken in order to investigate the extent 
of the nonuniformity. 

In order to examine this unexpectedly 
so close to the inlet the fine thermocoup 9 e was used to 

1 
= 1 + 19.24 (2 - 0.144), 2 > 0.144 (11) l--F(l) 

where Z is measured in inches. This is also the solid line 
of Figure 2. The excellent agreement between the equa- 
tion and the mean of the measured values of F at each 2 
between 0.5 and 2.2 in. justifies the use of a linear rela- 
tionship over this region, even though the uncertainty in 
1/ 1 - F naturally gets large as F approaches one. 

The dotted line in both figures fits the data somewhat 
better when 2 is less than about 0.5 in. and is a graph 
of the equation 

It  intersects the solid line at Z = 0.45 in. This apparent 
change in the behavior suggests that the region of effec- 
tive uniformity may begin around 0.45 in. 

If Equation (11) is combined with Equation (7) then 
the unaccomplished mixing is given by the hyperbolic de- 
cay law 

l - -F( l )  = e-OZRs5 (1la) 

roo - _  - 1 + 19.24 (2 - 0.144), 2 > 0.144 
r" (12) 

while Equation ( l l a )  gives an exponential decay. Note 
that Keeler et  al. (8) and Gibson and Schwarz (6)  ob- 
tained a decay law different from either of the above for 
flow behind a grid. 

Equation (11) is of the same form as would be ob- 
tained for a homogeneous second-order chemical reaction 
with plug flow and no axial diffusion. [We really have no 
independent measures of the validity of the assumptions 
of plug flow and no axial diffusion. The effects do tend 
to cancel and estimates (unreliable) do indicate that de- 
viations from the assumptions are small (18 ) ,  but the 
main reason for their use is that they allow a simple de- 
scription of the data.] 

Thus, defining a mixing velocity constant, k,, by 
_ _  - 

r A  = - k, c~cn (13) 

where F has been taken as zero at 2 = 2,. Remember 
that FA. is now the inlet concentration of A. The bulk 
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Fig. 6. Very rapid reactions. 
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average velocity in the reactor is 15.85 in./sec., hence 
from Equations (11) and (14) 

01 

305 1. 
nCA,mole sec. 

k , ( l )  = -- 

If Equation ( l l a )  is used in place of (11) for Z < 
0.45, then instead of a second-order rate law, one finds a 
first-order law for this region with a rate constant of 4.52 
set.-'. Since the behavior at larger values of Z where the 
fluid is more uniform is of more immediate interest, the 
implications of the first-order law will not be pursued 
here. 

The question immediately arises as to whether the sec- 
ond-order law, Equation (13), holds for ,8 not equal to 
one. Using the stoichiometric relationship between EA and 
C ,  and integrating from Z = Z, where F = 0 one obtains 
- 

(16) 

If the experimental decay law, Equation (12), is com- 
bined with the very rapid reaction theory, Equation (7a), 
then the predicted conversion curves for fi # 1 in Figure 
3 are converted to conversion distance curves. These are 
indistinguishable from straight lines on the semilog graph 
of Figure 6 and hence to a very good approximation 
Equation (16) and hence Equation (13) is valid for 
B # 1 if Equation (13) holds for /3 = 1 (and the very 
rapid reaction theory is valid). The measured values for 
/ii # 1 are also shown on the graph. These are the same 
data as shown in Figure 3 but in this case the experimen- 
tal values are compared to Equation (7a) using Equation 
(12) or (11) rather than the raw ,t? = 1 data as was done 
in Figure 3. 

The fit is better for the smaller values of Z if Equation 
( l l a )  is used in place of Equation (11) so the data for 

# 1 also indicate the Equation ( l l a )  fits the f i  = 1 
data better than Equation (11) for small 2. We conclude 
then that the very rapid reaction data fit a second-order 
rate law better as the fluid becomes more uniform. 

By taking slopes of the theoretical lines in Figure 6 one 
obtains 

where g ( B )  varies from one at P = 1 to 0.30 at P = 10. 

Eg(191 Ksk,. 12.400 

2 ,  (nches 

Fig. 7. F vs. Z, rapid reaction, C02-2NaOH. = 1.26. 
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Since the form of the decay law depends upon the mix- 

ing device, the second-order behavior must be treated as 
a peculiarity of the device. Nevertheless the behavior may 
be used to set up a useful criterion for relative reaction 
rates in this device. 

Thus if the reaction mixing (R.M.) number 

is much greater than one the reaction is very rapid; if 
much less than one, it is slow and if order one is rapid. 
Note that the criterion depends upon inlet concentration 
as well as upon mixing rate and reaction velocity. 
Since k, is in the range of 10,000 to 20,000 l./mole sec., 

this criterion properly implies that ionic reactions (NXM zz 
10') are very rapid. 

The mean rate of a very rapid reaction has been shown 
to be independent of the chemical reaction velocity con- 
stant since the reaction is diffusion controlled. As k,. is 
decreased it would be expected that the effect of k, 
would become important as the R.M. number approaches 
one and become controlling as the number gets much less 
than one. 

The carbon dioxide-sodium hydroxide system has an 
R.M. number in the range of 0.5 to 1.0 for the concen- 
tration ranges available in this work. Typical F-2 data 
are given in Figure 7 and data for all runs in Figure 8. F 
is the conversion of the limiting reactant, carbon dioxide, 
whose inlet concentration was close to 0.007 moles/l. in 
all runs. The data of Figure 8 are fitted closely by 
straight lines. The least square lines shown intersect 
F = 0 between Z = 0 and 0.05 in. and there is no signi- 
ficant deviation at  the small values of 2 as occurred with 
very rapid reactions. Hence the second-order rate law 
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TABLE 2. RAPID REACTIONS 

COa-2NaOH 
K 

- -  
6 mole sec. mole sec. N , ,  mole sec. cAcB mole sec. 

1.26 12,400 

2.52 
3.88 

2.1 585 ::: 1 
4.6 
5.75 .1 

19,700 
21,200 
17,700 
15,300 
9,400 

24,500 
23,300 
18,400 
12,400 
12,300 

0.63 3420 
0.59 3750 
0.70 4780 
0.81 3260 
1.30 2770 

COX-nNHs 
0.024 588 
0.025 519 
0.032 550 
0.047 4% 
0.048 336 

0.72 
0.70 
0.61 
0.74 
0.78 

0.0 
0.11 
0.06 
0.22 
0.43 

7610 
7820 
7290 
6850 
5350 

57 1 
571 
567 
559 
558 

with plug flow and no axial mixing applies since the inte- 
grated form 

1 - F  K(b -  ~ ) ? I E A , ( Z  - a) 
In-=-lnp- - (19) 

P a - F  U 

gives the straight lines of Figure 8. The values of K ,  
the apparent reaction velocity constant, were determined 
from the slope of these lines and are given in Table 2. 

Equation (19) with the least square slope is shown as 
the solid line in Figure 7 and the other lines represent the 
two limiting conversion curves. The dotted line is the con- 
version which would be obtained if the fluid were homo- 
geneous throughout, K = k,, 2, = 0, (it will be seen that 
this corresponds to a small R.M. number) and the dashed 
line the conversion which would be obtained if the reac- 
tion were very rapid, K = k,, 2, = 0.144. The measured 
conversion is less than either of these limiting values, K 
is less than either k ,  or k,. K is compared to these val- 
ues in Table 2 for all runs. 

The carbon dioxide-ammonia system has an R.M. num- 
ber of order lo-*. The data are shown in Figure 9 and 
the values of K computed from the least square lines 
shown are given in Table 2. The intersect of the lines with 
F = 0 occurs at a value of Z between - 0.1 and + 0.1 
in. The data show some curvature which may be due to 
side reactions. The reaction mechanism in this system is 
uncertain (18)  so these results are not too reliable. 

SLOW REACTIONS 

The reaction methyl formate-sodium hydroxide has an 
R.M. number of the order 10". The data are given in 
Figure 10 and are compared to the normal homogeneous 
rate law [mean rate equals homogeneous mean rate, 
Equation (19) with K = k ,  = 47 ]./mole sec. and Z ,  = 
01. Agreement is very good out as far as 15 in., but only 
the first 3 in. are shown. The data fit the homogeneous 
rate law right through the nonuniform region. 

DISCUSSION 

Contrary to one's first guess, one does not find a non- 
homogeneous region where the reaction is slowed down 
by the unmixedness followed by a homogeneous region in 
which the reaction proceeds at the homogeneous mean 
rate. Rather, it is found that throughout this reactor (after 
a short initial distance and to as great a distance as can 
be measured) the mean rate in any one run is a fixed 
fraction, K / k , ,  of the homogeneous mean rate, even 

though the fluid is becoming more homogeneous as Z 
increases, and this fraction depends upon the R.M. num- 
ber. As the R.M. number decreases from a very large 
value the fraction increases from a very small number 
( N  lo-') to one as the R.M. number approaches zero. 
Thus for a given nonhomogeneity, that is, at a given 2, 
the fractional decrease in the mean rate of reaction from 
the homogeneous mean rate due to the unmixedness de- 
creases as the R.M. number goes to zero. This accounts 
for the shift of the intersect of the second order rate law 
towards zero as the R.M. number decreases. (Compare 
Figures 5 and 6 with Figures 8, 9, and 10.) 

The methyl formate-sodium hydroxide reaction fits the 
homogeneous mean second-order rate law right from Z = 
0, so the decrease in the mean rate caused by the un- 
mixedness is apparently below the measurable level at this 
low value of the R.M. number. However a small decrease 
may be obscured by the assumptions of plug flow and 
no axial diffusion. 

The orders of magnitude of the R.M. ratios studied are 

107, 100, 10-3, 10-3 

at lo' the reaction is diffusion controlled, K = k,; at 
it is reaction controlled, K = k,; while the two inter- 
mediate cases are influenced by both mechanisms (Table 
2 ) .  In the intermediate cases the mean rate of reaction 
is always less than the homogeneous mean rate and the 
diffusion controlled rate, K is less than either k, or k,. 

On a fine scale the local instantaneous rate of reaction 
is a hydrodynamically complicated problem of simultane- 
ous diffusion and reaction. Although the problem is a 
difficult one to analyze in detail, an analysis of the fea- 
tures of the instantaneous concentration profiles shows 
that in a nonhomogeneous mixture the mean rate must 
be less than the homogeneous mean rate and in a mixture 
in which the R.M. number is not large the mean rate 
must also be less than the diffusion controlled rate. 

1 :o I I I I I I 
I I 1 

I I I I 
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Fig. 9. Rapid reaction, COt-NHz. 
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Fig. 10. Slow reaction, hCOOCH3-NaOH. 

Equation ( 5 )  gives another viewpoint-Ca’Cn’ must be 
negative; hence the mean rate must be less than the 
homogeneous mean rate in a nonhomogeneous mixture 
as was pointed out earlier. 

CA’C,’ is now known if the assumptions of plug flow 
and negligible axial diffusion are valid, since from Equa- 
tions (5 )  and (18) 

Values are given in Table 2. When the second-order rate 
law holds CA’CB’/CAC, is independent of distance. CAT,’ 
depends upon both the diffusion and the reaction. The 
quantity decays with distance whatever the R.M. num- 
ber, but the rate of decay depends upon the R.M. number. 

Since the diffusion and reaction steps are coupled one 
does not expect simple relationships among K ,  k,, and k,, 
for rapid reactions. One approach to this problem is to 
note that for very rapid reactions CA’C,’ = - C I c H ;  
hence Equation (18) can be written as 

- -- 

- 

_- __ 
r = k, C,’C,’ 

If this relationship is assumed to describe the mixing step 
even when the reaction is not very rapid, then combina- 
tion with Equations (5) and (18) gives 

1 1  1 +- 
K k,. k, 
_ = -  

This equation correctly handles the very rapid and slow 
reactions, but tends to give too high a value for the rapid 
reactions (Table 2) ;  it may be looked upon as a rough 
interpolation rule. 
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NOTATION 

A,B = species A, B 
C ,  
C,’ 
C, 
D 
F 

F(l)  = F at = 1 
g@) = defined by Equation (1%) 
AH = heat evolved per mole of A reacted 
ierfc = first integral of complementary error function 
K = apparent reaction velocity constant defined by 

k , ,  = mixing velocity constant, limit of K for very 

k,( l )  = k, at p = 1 
I<, = reaction veIocity constant 
n = stoichiometric coefficient 
N,, = reaction mixing number 
r = reaction rate 
T = temperature 
u 
V = velocity vector 
v’ 
2 
2, 

Greek Letters 

= molar concentration of species i 
= fluctuating component of C ,  
= heat capacity of solution 
= molecular diffusivity of mass 
= fractional conversion based on average concen- 

trations 

Equation (18) 

rapid reactions 

- 
= bulk average velocity in reactor 

= fluctuating component of V 
= axial distance measured from reactor inlet 
= value of 2 at which F is zero 

= molecular diffusivity of heat - -  
$ z= C B o / n C 4 .  - - 
r” = e l  _ _  r”” = dCO‘jf, 

yo 
c 
eZ 
ellZ 
8 =time 
p = density of solution 

Subscripts 

i 
o 

= defined by Equation (7b)  
= eddy diffusivity of mass 
= eddy diffusivity of mass in Z direction 
= eddy diffusivity of heat in 2 direction 

= species A or B 
= inlet to reactor or position at which uniformity 

begins 

Superscripts 

o = mixing without reaction 
- = time or bulk average value 
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A Pitot Tube Method for Measuring 

the First Normal Stress Difference and 

I t s  Influence on Laminar Velocity 

Profile Determinations 
J. G. SAVINS 

Sacony Mobi l  O i l  Company, Inc., Dallas, Texas 

A scheme is  outlined which enables the calculation of the normal stress difference P11-Pz2 
in fluids undergoing steady Poiseuille flow from measurements with a pitot tube of local velocity 
distributions. This new technique should enable measurements in o region of shear rate com- 
parable to that encountered in the torsional and circular flow methods. A particularly inter- 
esting consequence of the method is it leads one to the inescapable conclusion that the 
presence of finite normal stresses should produce significant aberrations on the measurement 
of the velocity profile in the laminar flow of viscoelastic fluids. The presence of a Pii-Pzz 
induced aberration on the velocity profile measurement suggests that caution be exercised 
in the practice of deducing estimates of the thickness of a boundary layer in the nonlaminar 
flow of these fluids. 

Considerable effort is being given by experimental rhe- 
ologists to the problem of developing tools for the quan- 
titative measurement of normal stresses in viscoelastic 
fluids. Although there does not appear to be a universally 
preferred technique, the various methods currently used 
can be sharply divided into two main categories: providing 
data primarily for the purpose of evaluating constitutive 
equations and measuring properties under those condi- 
tions which a fluid of interest will encounter in flow 
through actual process equipment. The torsional (1 to 8) 
and circular flow techniques ( 1  to 4, 9 to 11 ) are typical 
of the first category. The jet expansion and thrust meth- 
ods (2 ,  4, 7 ,  12 to 16) illustrate the second category. 
With the application of appropriate assumptions, either 
method yields a reasonable description of the normal 
stresses as a function of shear rate. I t  is unfortunate, how- 
ever, that the jet/thrust methods which have their origins 
in the viscometric flow familiar to rheologists as Poiseuille 
flow or tube viscometer flow are, for a variety of reasons, 
usually restricted to measurements of normal stresses at 

shear rates not less than 10” sec:’, whereas the torsional 
and circular flow methods seldom approach shear rates as 
high as loa set.-' Thus one is faced with the problem of 
extrapolating results over a decade or more of shear rate 
in order to compare results from different experimental 
techniques. Because the Poiseuille flow case is representa- 
tive of the class of exactly solvable viscometer flows,’ 
it would be desirable to be able to measure the normal 
stress under conditions of shear rate comparable to those 
encountered in the first category of methods. 

The purpose of this paper is to outline a scheme for 
experimentally determining the first normal stress differ- 
ence (PI, - P,) + at low shear rates from measurements 
of point values of dynamic pressures with a pitot tube 
under the steady laminar conditions of Poiseuille flow. A 
particularly interesting consequence of the proposed 

0 The torsional and circular flow methods represent a class of problems 
which are not compatible with the dynamical equations unless inertia is 
neglected. 

f In the language of Coleman and No11 (17), the material function dif- 
ference [m(I’a) - c i ( r R ) 1 .  
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