Turbulent Reactive Mixing with a

Series-Parallel Reaction: Effect of

Mixing on Yield

The yield of a nonpremixed series-parallel reaction at complete con-
version was measured in a turbulent, tubular-flow reactor with single and
multijet feeds. The yield of the intermediate decreased as mixing was
slowed relative to the chemical kinetics, either by decreasing the Rey-
nolds number, or by using a less efficient mixing device, or by increasing
the feed concentration.

Four models, a modified slab model, a modified stretch model, the
Harada mass transfer model, and a new closure model, adequately pre-
dict the yield when chemical and mixing kinetics are known from inde-
pendent measurements of the conversion of acid-base reactions. With-
out modification, the original slab and stretch models are unable to
account for the earlier observed invariance of conversion to Schmidt
number of very rapid, single-step reactions or to satisfactorily predict
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the yield of the series-parallel reaction.

Introduction

When a chemical reaction is carried out by turbulently mix-
ing two reactants, the time-averaged convective diffusion equa-
tions usually cannot be solved because nonlinear chemical reac-
tions introduce unknown micromixing terms; in turbulence
terminology, the equations are not closed.

For the archetypical single-step reaction described by,

k
A+ nB— R (1a)
rg=—kCCy (1b)
Fa= —k(CiCq + CyCh) (1o

the equations can be closed for large and small Damkéhler num-
bers in the sense that C,Cj can be related to the intensity of
segregation of a passive tracer (Toor, 1962, 1969; Keeler et al.,
1965; Vassilatos and Toor, 1965; Miyawaki et al., 1974). This
led to a closure hypothesis for all Damkshler numbers that
makes C’,C} proportional to the intensity of segregation (Toor,
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1969; Mao and Toor, 1971; McKelvey et al., 1975) in a near-
stoichiometric, one-dimensional reactor.

Other approaches have sidestepped the closure problem by
replacing the convective diffusion equations with simplified
equations that can be solved either by assuming that the simul-
taneous diffusion and reaction takes place in hypothetical fluid
elements of simple geometry and motion, or by separating the
reaction from the mass transfer with lumped parameters. These
various methods, once calibrated, say with acid-base data, also
satisfactorily predict the effect of stoichiometry and Damk&hier
number in one-dimensional systems (Harada et al., 1962; Ng
and Rippin, 1964; Kattan and Adler, 1967; Mao and Toor,
1970; Ranz, 1979). They are not limited to near-stoichiometric
mixtures and are readily extended to complex reactions.

All the above methods require knowledge of the intrinsic
chemical kinetics and the mixing; the former can be obtained
independently by measurement of conversion under chemically
controlled conditions (small Damkohler number) and the latter
by measurement under diffusion-controlled conditions (large
Damkdhler number).

In all methods a complete knowledge of the chemistry and
mixing is not needed. Sufficient knowledge of the chemistry is
given by knowledge of the rate-controlling step and its rate con-
stant, and sufficient knowledge of the mixing by the variance of
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a scalar tracer or its normalized form, the intensity of segrega-
tion.

Although insufficient mixing may reduce the yield of single-

step reactions and make scale-up difficult, the more important
problems in practice arise with complex reactions where the
selectivity can be influenced by mixing. Unlike the former situa-
tion, here selectivity cannot be enhanced by overdesign and,
unless reactions are slow compared to mixing, scale-up will
change the selectivity.

For series-parallel reactions with separate feeds, the subject
of this study,

K,
A+B——R (2a)

k;
R+B——S (2b)
segregation, which will occur when the intrinsic reaction speed is
comparable to or greater than the mixing speed, will decrease
the yield of R by slowing down the first reaction more than the
second. Levenspiel (1972) and Bourne and Toor (1977) have
discussed this problem qualitatively, and a number of experi-
mental studies have been carried out (Paul and Treybal, 1971;
Bourne and Kozicki, 1977; Bourne et al., 1977a, b, ¢, 1981b).

Bourne and coworkers measured the yield of diazo coupling
reactions (whose chemistry they determined independently) in a
continuous stirred-tank reactor (CSTR) and found various vari-
ants of diffusion and stretch models that were more or less in
accord with their data (Bourne et al., 1981b; Bourne, 1982;
Angst et al.,, 1982; Bolzern et al., 1983; Angst et al., 1984).
However, because of the lack of experimental data describing
the complex mixing in their CSTR, they had to resort to theoret-
ical estimates of mixing parameters. This raises uncertainties,
both because of the incomplete state of turbulence theory and
the complex fluid mechanics in a CSTR.

Our object in this work is to measure the yield of the above
well-characterized series-parallel reactions in a tubular-flow
reactor where the turbulent mixing has also been experimentally
well characterized, and to use the data to assess reactive mixing
models with a minimum of ambiguity. To do this we will use
Bourne’s diazo coupling reaction where k, and k, are known,
with two different jet mixing devices whose mixing characteris-
tics have been determined with acid-base reactions.

We will assess the slab diffusion model (Mao and Toor, 1970)
and the stretch model (Ranz, 1979), both of which will first be
modified in light of earlier data, and the mass transfer model of
Harada et al. (1962). We will also develop and test a closure
model based on the instantaneous convective diffusion equa-
tions.

Experimental

We used the reaction system developed by Bourne and co-
workers (1981a), the coupling of 1-naphthol (A4) with diazotized
sulfanilic acid (B) in dilute, alkaline solution at room tempera-
ture to produce two dyestuffs: 4-(4’-sulfophenylazo)-1-naphthol
(R) and 2,4-bis(4-sulfophenylazo)-1-naphthol ('), and synthe-
sized reactant B immediately before use in the manner given by
Kozicki (1980).

The experiments were carried out at 22°C and pH = 10, at
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which condition the data of Bourne et al. (1985) gives

5% 10°m’/kmol « s < k; < 1.1 x 10" m*/kmol - s

ky = 1.8 x 10° m’/kmol - s

k, is large enough for the first step to be essentially instanta-
neous in our experiments, so its precise value is not needed. (The
Damkdhler number for the primary reaction is effectively infi-
nite). At this limit incomplete mixing has its largest effect. k, / k,
is also large enough so that at complete conversion of B with per-
fect mixing the yield of R is essentially 100% when the initial
concentrations of 4 and B are equal; a decreased yield of R then
signals incomplete mixing.

A schematic diagram of the flow system is shown in Figure 1.
The useful capacity of each tank was 2.5 x 10™* m® and com-
pressed IV, was the driving agent. Two mixing devices were used;
their mixing characteristics are given by Singh and Toor (1974).
A geometrically similar version of the single-jet device and the
multiple-jet device itself were used earlier to study fast, single-
step reactive mixing in gases and liquids, from which the mixing
characteristics were obtained.

The single-jet device consisted of a smaller tube centered with
four vanes in a larger tube. The smaller tube was 4 x 10> m ID
and 4.8 x 10~* m OD; the larger tube measured 6.6 x 107> m
ID. The outer tube, where the reaction takes place, extended
1.83 m beyond the inner tube. Large-scale radial concentration
gradients are gone in about 0.04 m at Re = 2,300 and 0.006 m at
Re = 7,000, after which the reaction is essentially one-dimen-
sional.

The multiple-jet device consists of 14 8.4 x 107*m OD tubes
close-packed in a 6.6 x 1073 m ID tube. It was followed by the
same 1.83 m long tube as the former device. The reactants are
fed through alternate tubes and the macromixing is essentially
complete in about 2.5 x 10~° m, after which the reaction is
essentially one-dimensional. At the same tube Reynolds number
the mixing in the multiple-jet device is considerably faster than
in the single-jet device. With both devices the reaction is com-
pleted (B is consumed) well before the liquid leaves the reactor.
The reaction takes place in an essentially one-dimensional sys-
tem in which the micromixing is taking place at a known rate,
which is determined independently by measuring the conver-
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Figure 1. Flow system.
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sion-distance relationship of single-step acid-base reactions
whose intrinsic kinetics are so rapid that their conversion is con-
trolled by the mixing.

The product solutions from the reactor outlet were collected
after a short initial period, diluted, and then analyzed by spec-
trophotometry.

Results

Experiments were carried out at 22°C with equal flow rates of
reactants and 8 = 0.96. The feed concentration of B was varied
from 0.198 x 103t02.86 x 10> kmol/m* for the single jet, and
from 0.244 x 107 t0 1.92 x 10~? kmol/m? for the multiple jet.
The tube Reynolds numbers for the single jet were varied from
2,300 to 7,600 and for the multiple jet from 500 to 4,900. Most
runs were repeated at least once and reported values are aver-
ages of replicates. Reproducibility of the yield was 0.5% for the
single-jet data and 2.4% for the multijet data.

The single-jet data are shown in Table 1. We note that the
yield in the single-jet reactor was usually higher when reactant
A rather than reactant B was fed through the jet. This is not
surprising because this system is two-dimensional before the jet
expands to meet the tube wall, so there is no reason to expect the
yield to be independent of feed position. Since the effect is rela-
tively small and would require a two-dimensional model to ana-
lyze, it was not pursued further. Data for both situations are dis-
tinguished in Figure 4.

The multiple-jet data at Cgp = 1.92 x 107* kmol/m® are
shown in Figure 2 up to Re = 3,500, where the yield is approach-
ing the perfectly mixed value of one. Two single-jet data points
with the same feed concentrations are also shown in the figure
for comparison. Yield decreases as the Reynolds number is
decreased in either device and as one goes from the multijet to
the single-jet device at the same Reynolds number; in both cases
poorer mixing decreases yield. Similarly, yield was found to
decrease with decreasing turbine speed in a stirred tank (Bourne
et al.,, 1981b). Yield also decreases as the reactant concentra-
tions (at a constant B3) increased: increasing intrinsic reaction
speed decreases yield. All these effects represent a decrease of
yield as the ratio of mixing speed to intrinsic reaction speed, a
Damkdhler number, increases. We now use the data to assess
various models that lead to different Damk&hler numbers.
These are all Damkohler numbers for the secondary reaction;

Table 1. Yield of Diazo Coupling Reactions in a

Single-Jet Tubular Reactor

Conc.of B Reynolds % Yield when Jet % Yield when Jet
gmol/m’ No. is Reactant B is Reactant 4

2.86 3,530 82.05 84.92
2.86 5,150 84.85 88.87
2.86 7,552 88.33 90.68
1.92 2,385 — 76.76
1.92 3,530 — 85.74
1.92 5,149 — 89.3

0.964 3,530 88.95 91.13
0.964 5,150 91.69 93.61
0.964 7,552 93.45 94.88
0.198 2,300 93.28 91.7

0.198 3,383 98.54 98.97
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Figure 2. Yield vs. Reynolds number at a fixed feed con-
centration.

the Damkéhler number for the primary reaction is effectively
infinite in all the experiments.

Diffusion Model

Mao and Toor’s (1970) slab diffusion model assumed that
mixing is controlled by molecular diffusion between alternate
slabs of thickness 8, which depends upon fluid mechanics, and
that in the case of chemical reactions a single constant Fickian
diffusion coefficient can be used for all components i, so

E_D%+r ; —
a g T 1T

1,2,... 3)

The symmetry imposed by the alternate slabs makes all fluxes
zero at { = 0 and 6 and with spatially uniform initial conditions
the equations are easily solved. For the single-step reaction of
Eq. 1a the solution gives

}A = }A (0, NDl’ B) (4)
with
Dt
- (4a)

Mao and Toor (1970) obtained & by fitting Eq. 4 to acid-base
conversion distance data at 8 = 1 with 7z = z/u and then used this
parameter to predict the measured conversion of acid-base reac-
tions at other stoichiometric ratios as well as the conversion of
slower speed reactions. Mao and Toor’s (1971) measured con-
version did not change as acid-base reactants were changed,
although the diffusion model would predict some change, but
the diffusivities did not change very much from one reactant to
another. And since their values were also confounded by ionic
effects, Mao and Toor in using the model ignored any changes in
diffusivity, which is equivalent to assuming that 8*aD. Later,
however, Ajmera et al. (1976) found that the conversion did not
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change even with the very large change in diffusivity in going
from a liquid to a gaseous system. They found that at the same
Reynolds number, Ny, and 8, and in the same apparatus, the
conversion-distance profile for the very rapid gas phase reaction
of NO and O, was the same as the conversion-distance profile
for liquid phase acid-base reactions.

If we apply the slab diffusion model to these two situations,
for the same conversion, from Eq. 4a,

Dyty _ Dglg (5)
78

and since at the same Reynolds number the conversion is the

same in both cases at the same distance down the reactor

z z
=t - ©)
Uy ug
2.2 @)
Ug Vg
Equations 5-7 give
) S 1/2
x_ (2 ®
62 SCg

so equality of the conversion-distance profiles in gases and lig-
uids requires the slab thickness to vary as Sc~'/2. With this mod-
ification the diffusion model also predicts that the conversion
profile will be the same for all acid-base reactions, as observed
by Vassilatos and Toor (1965) and Mao and Toor (1971) in six
different systems; in liquids, 82aD. Because the diffusivities of
the reactants in the series-parallel reactions are small compared
to the diffusivities of the reactants used to determine 8, the mod-
ification has a significant effect on predicted yield of the series-
parallel reaction.

Thus we conclude that the slab thickness &, originally
assumed to be fixed only by hydrodynamics, also depends upon
diffusivity. But since only the group Dt/8” appears in Eq. 4, this
means that there is no predicted effect of diffusivity on mixing
or reaction—as observed experimentally—and this prediction
should be independent of the chemistry.

It is of interest to note that in the multijet reactor where the
energy dissipation rate, ¢, and & have both been measured
(McKelvey et al., 1975), the diffusive length scale

A=2n(l/e)/? (?)1/2 9)

(The scale below which diffusion becomes important) is 25 &
after the jets coalesce.

Application of the Slab Diffusion Model to the
Series-Paraliel Reaction

Equation 3 can be written as the following set of nondimen-
sional equations for the series-parallel reaction system
X /30 = 3°X,/3Z* — Np, X, Xz (10a)

0Xp/38 ~ 8Xy/0Z* — [Np1/BIX4Xs — Npy XX (10b)
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Xg/00 = 3*Xg/8Z* + [Npy/B1X4Xp — NpXeXs (10c)

0Xs/30 = °Xs/0Z* + NpXpXs (10d)

with initial conditions:

0-0,0<Z<05X,=1,X5=0,Xp=0, X5 =0;
05<Z<1,X,=0Xs=1,Xg=0Xs=0 (10e)

and boundary conditions, at Z =0 and Z = 1:

8X,/0Z — 0Xp/AZ = AXR[dZ — 0X5/0Z =0  (10f)

The Galerkin method was used to transform the space domain
of Eq. 10 into finite-element equations. The time derivative was
written in finite-difference form by using the forward difference
method, and the resulting system of simultaneous linear alge-
braic equations was solved by the Gaussian elimination method
on a DEC-20 computer. The computation continued until the
dimensionless concentration of the limiting reactant B was less
than 1073, The calculation results are plotted in Figure 4 for
Damkdhler number (Vp;) from 0.1 to 28, Ny, /Np, = 2,000, and
B8 =0.96.

8%/ D was obtained as a function of Reynolds number for both
devices mostly from the acid-base data of various investigators
(Mao, 1969; Singh, 1973) and scaled where necessary following
Toor and Singh (1973). For the lower Reynolds numbers we
measured the acid-base conversion ourselves (Li, 1985). 8*/D
was determined by using ¢t = z/u in Eq. 4 and equalizing the
areas of overestimation and underestimation on the conversion-
distance graphs. The deviation between Eq. 4 and the data
increases at the lower Re numbers, suggesting that the diffusion
model does not simulate the very rapid single-step reaction very
well at low (presumably transitional) Reynolds numbers. How-
ever this appears to cause little subsequent difficulty in predict-
ing yield of the series-parallel reaction.

The values of D/8” so obtained are shown in Figure 3. A data
point of D/8* = 3.25 s~ at Re = 12,000 for the single-jet reactor
is off the graph.

18.0
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a]
D/8% gl
sec-1
u)
6.0[-
3.0F
0.0 1 1 |
o] 2000 4000 6000
Reynolds No.

Figure 3. Mixing data, D/ vs. Re.
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Figure 4. Yield vs. Damkd&hler number.

Since D/4% is a function only of Reynolds number, we use the
measured values of D/6* in Eq. 10 without modifying for
changes in diffusivity to determine the Damkd&hler number that
corresponds to the slab diffusion model for the series-parallel
reaction.

Because the mixing is slower in the single-jet reactor than in
the multijet reactor at the same Reynolds number with the same
feed concentrations, the yield in the two reactors was seen to dif-
fer significantly at the same Reynolds number (Figure 2). How-
ever, when compared at the same Damkohler number in Figure
4, the yield in both reactors is almost the same. Furthermore, the
yield predicted by the modified slab diffusion model, which is
shown in the figure, fits both sets of data reasonably well. The
multijet data fit somewhat better than the single-jet data, and
this good fit holds even at the lower Reynolds numbers where
the diffusion model! fits acid-base data most poorly. The model
predictions are also compared to the data in Figures 2 and 5. We
emphasize that the agreement is obtained with no adjustable
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Figure 5. Comparison of predicted with measured yield
in single-jet reactor.
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parameters (although acid-base conversion measurements in the
same reactor are required to determine the mixing parameter 8),
which suggests that the modified slab diffusion model is robust
indeed. However we shall see subsequently that other models do
an equally good job.

We also plot the unmodified slab diffusion model in Figures 2
and 5 by using estimated diffusivities and observe that it pre-
dicts significantly lower yields than measured.

Stretch Model

Ranz and coworkers (Ranz, 1979; Ottino et al., 1979; Ou and
Ranz, 1983) developed a stretch (or lamellar) model similar to
the slab diffusion model. The major difference between these
two models is that the slab thickness is independent of time (dis-
tance) in the slab diffusion model while the slab thickness (or
striation thickness) varies with time in the stretch model.

The governing equation in a stretching slab is

a(C; aC; 8*C,
S+ w— —D—C'=r,-,

- i=1,2,... 11
a TV TV ep ' ()

After transformation of variables, the stretch model gives the
dimensionless form of Eq. 3 for the conversion for a single-step
reaction with 4 replaced by 7, which is given by

= ’4‘ [D/8 ()] dt’ (12)

Single-step acid-base conversion data at 8 = 1 can be used to
relate 7 and ¢ from Eq. 4, and then D/4(f) can be obtained by
differentiating Eq. 12:

D dr

The resulting values of §(¢) can then be used to predict the effect
of 8 and k in the same apparatus at the same Reynolds num-
ber.

Not surprisingly, it is also necessary to modify this model in
the same way the slab model was modified to account for the
observed invariance of the conversion-distance curve with diffu-
sivity. Thus, all the ecarlier single-step reaction data can be
described by a modified stretch model in which we write for a
given geometry;

8%(t) = (Sc)"'g(t, Re) (14)

For the series-parallel reactions the stretch model gives Eq.
10 with 6 replaced by 7 so the Damkohler numbers,
[k:Cpod*(1)]1/D, now vary with time. Thus, as with the slab
model, this model predicts yield of the series-parallel reactions
with no adjustable parameters if acid-base conversion data or
comparable mixing data are available at the given Reynolds
number to give g(¢, Re), and if k, and k, are known. Thus §(¢)
was determined from the acid-base conversion data in the two
reactors and the resulting predictions are compared to experi-
ment in Figures 2 and 5. This modified stretch model does a
poorer job than the modified slab diffusion model in the multijet
reactor and a better job in the single-jet reactor.

Predictions of the unmodified stretch model are not shown
because the estimated diffusivities are so low that the series-par-
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allel reaction would be incomplete at the downstream distance
where the acid-base reaction is essentially complete. Hence, we
have no measurement of §(2) to use after this point. It is clear,
however, that for any reasonable extrapolations of D/8’(¢) the
unmodified stretch model will underpredict yield much like the
unmodified slab diffusion model.

Closure Method

The alternative to using simplified models is to start with the
convective diffusion equations and introduce a hypothesis to
close the equations. To attempt to do this, we start with the
instantaneous equation for species 7 in a mixture where all the
diffusion coefficients are equal,

aC;
LC) =2 +v VG = DVIC =1, i=1,2,... (15)
so the time-averaged equations are
O —— _—
—+0- VG-V - D+eVC=r, i=12,... (16)

at

If the reaction is assumed not to affect the eddy diffusivity, the
lefthand side of the equation is closed. Actually e plays no role in
our experiment, since in the tubular reactor it is satisfactory to
neglect time-averaged radial gradients and axial diffusion so
that Eq. 16 becomes

dc; _
Uu—=r;, i=172, an
z
for the series-parallel reactions,

ry= _kl(EAéﬂ + C,Ch) (18)

7s = k> (CoCr + C3Ch) (19)

Fg=T4—Ts (20

Tp=—F4—Tg @21

Thus, closure of the equations requires knowledge of the two
terms C’,Cpand C3Ck.

Bourne and Toor (1977) argued that 4 and B are strongly
correlated, while B and R are weakly correlated. Following this,
if C,C5% for the series-parallel reaction is assumed to be the
same as for the single-step reaction, and if C3CY is assumed to
be negligible compared to C;Cp, then Egs. 17-21 can be solved.
However, the predicted yields by this method are in significantly
poorer accord with measurements than earlier models, so we
pursue this approach no further.

Brodkey and Lewalle (1985) closed the equations by assum-
ing that C,Cj is unaffected by the second reaction and used a
separate hypothesis for the latter. This method gives even poorer
predictions and we neglect this also.

Rather, we proceed as follows: From Eqgs. 17 and 19

dx o
—= = Niy(Xp Xg + X5X7)

2z (22)
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The yield of both § and R at complete conversion can be
obtained if this equation can be integrated to the point where B
is completely consumed.

Starting with Eq. 22, assuming that the first reaction is
instantaneous so 4 and B are segregated and that Xj at the
resulting reaction surface is small compared to one, gives (Ap-
pendix):

dx, . _ . _
d—ZS = Nl Xs(Z) — Xl [Xe(2Z) - X5) + A} (23)
A = Ag[XR(Z) — Xp(Z) — Ag] + XX (24)

Ag is the amount of X on the A side of the reaction surface and
X; and X, are the dimensionless time-average concentrations of
B and R, respectively, when k, = 0, so they are known functions
of Z. The contributions to the integration of Eq. 23 of the two
separate terms in Eq. 24 are small and of opposite sign (at least
in the slab diffusion model) so we close the equation by assum-
ing A = 0 to give

O Nalk(2) - K@) - X

(25)
Equation 25 was integrated numerically from Z = 0 where
Xs = 0 by taking X;(Z) and Xz (Z) directly from acid-base con-
version data, with the same mixing device at the same Reynolds
number. Note that because X s is independent of diffusivity the
difference in diffusivities between the acid-base systems and the
series-parallel system should have no effect. Conversion is com-
plete when Xy = X;, which, to within our approximation, is the
point where B is completely consumed. The yield of R at com-
plete conversion is defined as ER// Czo Where Cyo is the bulk aver-
age concentration of B in the mixed feed before reaction, and Cg,
is the bulk average concentration of R in the product where B is
completely consumed. By stoichiometry Cgp = 5,,, + 265,, and
because the flow rates of the separate feed streams are equal
C_'BO = CBO/2’ 50
CSf -
=1 o 1 -4 Coo ™ 1 — 4Xy (26)
The results are compared with measurement for both reactors in
Figures 2 and 5. In the multijet reactor the model gives results
very close to the modified stretch model—reasonably good
agreement with data, but inferior to the modified diffusion mod-
el—while it gives the best prediction of all the models in the sin-
gle-jet reactor.

Mass Transfer Model

Called by Harada et al. (1962) the coalescence-redispersion
model because it was derived from this mechanism, called the
IEM model by Villermax and coworkers (David and Villermax,
1975), and called the two-environment model by Bourne and
Rohani (1982), this model is closely related to the coalescence-
redispersion model. When applied to a flow reactor and cali-
brated with acid base data it satisfactorily predicts the slower
speed reactions near 3 = 1, but fails to predict the conversion of
acid-base reactions that are initially far from stoichiometric (Li,
1985). Bourne and Rohani (1982) also showed that the model
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could not predict the effect of varying the volume ratio in their
experiments. When applied to our series-parallel experiments,
the mass transfer model predicts essentiaily the same yield as
the closure model.

Discussion

Although the modified stretch model, closure model, and
mass transfer model all start from different points of view, they
all predict similar yields and give a better prediction in the sin-
gle-jet reactor than the modified diffusion model, which does a
better job in the multijet reactor.

However all the models are probably accurate enough to serve
for practical design and scale-up in reactors of the type used.
The models contain no adjustable parameters and do not require
explicit fluid mechanical information, but require independent
knowledge of the intrinsic chemical kinetics and micromixing.

The similar predictions of the models are advantageous from
a practical viewpoint, but this also means that the series-paraliel
reactions could not be used to distinguish among the models.
However, since the series-parallel reactions appear to offer a
stringent test of reactive mixing, it seems possible, if not proba-
ble, that general complex reactions can be handled by most of
these models.

The closure model is specific to a series-parallel reaction so,
although it comes closest to a fundamental viewpoint, it will be
of less practical use for general complex reactions. The other
models generalize readily to other reactions. Although it is the
simplest, the mass transfer model is limited to near-stoichiomet-
ric feeds and so may be of less general utility. The modified dif-
fusion and modified stretch models generalize readily and
appear to be the models of choice, although the former is some-
what simpler to implement.

Earlier data, as well as the data of this study, make it clear
that with both single-jet and multiple jet feeds, reactive mixing
is not sensitive to molecular diffusion. After modification, the
diffusion and stretch models still depend upon diffusion equa-
tions to predict yields. The fact that they do this quite success-
fully seems paradoxical in light of the above, but the additional
fact that the mass transfer model gives similar predictions, even
though it does not depend upon diffusion, suggests that the suc-
cess is due to the relative insensitivity of reactive mixing to the
details of the mixing—an observation made much earlier (Mao
and Toor, 1970).

Finally, the experiments were effectively spatially one-dimen-
sional. The models are similarly one-dimensional and do not
readily extend to multidimensional systems where macromixing
and micromixing are both important, as in the entrance to our
reactor before the jets break up.

Notation

C = concentration
k; = reaction rate constant for primary reaction
k, = reaction rate constant for secondary reaction
L = operator, Eq. 15
n = stoichiometric coefficient
Np, = Damkéhler number (=k,Cypd%/D)
Np, = Damkéhler number (=k,C06%/D)
Np, = Damkohler number (=k,Cyoz,,,/ )
r = rate of chemical reaction per unit volume
Re = Reynolds number based on reaction tube diameter
Sc¢ = Schmidt number (=v/D)
= time
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u = velocity along the reactor
v = velocity vector
w = stretching velocity
X = dimensionless concentration (X, = C,/Cp, Xp = C3/Cpo, Xg =
Cr/Cso X. = Cs/Cao)
Y = yield of product R
z = distance along the reactor
z,, = half-mixing distance
Z - dimensionless distance (=£/6 or z/z,,)

Greek letters

B = initial stoichiometric ratio (=Cgo/C10)

A = defined in Eq. 24

5 = slab thickness

¢ = energy dissipation rate or eddy diffusivity
0 = dimensionless time (=Dt/3%)

A = diffusive length scale

v = kinematic viscosity

1 = dimensionless time, Eq. 12

¢ = distance in the direction of diffusion

Subscripts and superscripts

A = species A
B = species B
f = the point where reactant 8 is completely consumed
g = gas phase

i{ = species 4, B, Ror §

£ = liquid phase

R = species R

S = species S

o = initial value or absence of reaction

1 = primary reaction or 1 inlet

2 = secondary reaction or 2 inlet

" = fluctuating component of concentration

" = single-step, diffusion-controlled reaction
— = time-averaged value

* — reaction surface

Appendix: Closure Model!

We extract the linear combinations of reactants that are
invarient to the reaction, as was done earlier with the single-step
reaction. From the stoichiometry,

ra+re+rs=90 (A1)
rg—rg—rg=0 (A2)
Then with Eq. 15
LC+Cr+Cs)=0 (A3)
L(Cy—C—C) =0 (A4)
and for a nonreacting tracer,
L(CYH =0 (AS)

we label the jets through which 4 enters by 1 and the jets
through which B enters by 2, and introduce the tracer through
the 1 jets. Define

Ci—Ch
i B A6)
/=, (
£ - (Cy+ Cr+ Cg) — (Cy+ Cr + Cs), (A7)
(Ca+ Crp+ C)y — (Cy + Cg + Cs)y
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(Cas—Cp—Cs) —(Cy— Cp— Cs)y
h - A8
Ci—Co—Ch—(Ca=G—Cs)y MY
Then
L()=L(g) = L(h) (A9)

Since f, g, and h are the same on all the inlet surfaces and their
normal derivatives are zero on all other surfaces,

f=g=h (A10)
With the following conditions
Co=Cu0,Cai=CupsCpy =0,Cpry =0,Cy =0
Cp=0,C=0,Cp = Cpy, Cpy =0,Cs, =0 {A11)
Equations A6-All give
—-BXp+ X)) = +Bf -8 (A12)
Xa+ BXp+ Xg) =f (A13)

Since f represents the instantaneous nondimensional tracer con-
centration whose statistics, at least, are presumed known, we
consider the above two equations to represent two relationships
among the four instantaneous reactant concentrations.
Equations A12 and A13 also give
Xe+Xp+2Xs=1—f (A14)
Because k, is large the first step is almost surely diffusion-
controlled in our experiments (the first Damkohler number of
the slab diffusion model is the order [10°-10%]). Hence A4 and B
are segregated; they cannot coexist, and like the analogous sin-
gle-step reaction, 4 and B react on a reaction surface where A
and B are both effectively zero. From Eq. A12 the value of f at
this surface is given by

f*fL(I—X

Y (A15)

when /> f* X, > 0, and X = 0, so from Eqs. A12 and Al4,in
the A fluid

Xi=BXs+ (1 +B)f-8 (A16)
= -f) - 2Xs (A17)

when f < f* Xz > 0, and X, = 0. So again from Egs. A12 and
A13, in the B fluid

(A18)

(A19)

If we presume that the behavior of the tracer f is known, the
above equations represent two equations for the four unknown
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instantaneous concentrations X,, Xz, Xg, and Xg. Because the
additional conditions required to close the equations cannot be
obtained from our starting equations (as usual in turbulence),’
we proceed as follows:

X =X,(f) (A20)
and if the probability density function of fis ¢ (f)
=5 1
X - [ x(NHe(f) df (A21)
(1]

then from Eqs. A18 and A21, since B exists only for f < f*,

f’( L )¢(f)df
- [P X dr (a2

and from Egs. A17, A19, and A21, with some manipulation,

l f‘
=5 [l renar
+ [T -NeNdf - X+ A] (A23)
[.

where A,, the amount of S in the A4 fluid, is given by

A - [ "X, )6 (f)df (A24)

When k, = 0, X, = 0 and we have the single-step reaction, Eq.
1, so from Egs. A15 and A22

e

X, is the time-averaged concentration that would exist at a given
position if k, = 0 and k, is large, a single-step, instantaneous
reaction. X; is known from acid-base measurements or can be
obtained from the intensity of segregation since Eq. A25 relates
Xj to the mean and variance of f- [A normal distribution for
o (f) gives results in accord with measurements, although Li
(1985) showed that a more realistic Beta distribution gives simi-
lar results.] Also when X, = 0, Eq. A14 gives

f)¢(f) af (A25)

(A26)

Since the maximum value of X, in our experiments is 15.5% and
X* < X, we now assume that X¥* is small compared to one so we
can use Eqs. A15, A21, A22, A23, A25, and A26 to write, after
some manipulation,

Xp=Xg — X, + A, (A27)

and
Xe=Xp— X, — O (A28)
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From Eqgs. 17 and 19

d%, kCoo
dz u

(XpXp + X3X7%) (A29)
and then using Eqs. A27 and A28 and nondimensionalizing the

distance with the half-mixing distance, z,,,

‘Z‘ — Nl Xs(2) — X1[Xe(2) — X] + Al (A30)
A= AJ[XR(Z) — X5(Z) — A] + XpXk  (A31)
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