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Direct numerical simulations were used to study chemical selectivity in a series-paral-
lel reaction scheme in a decaying, homogenous turbulent flow, where A, B, R, and S
represent chemical species with R the principal product and S the secondary product.
These simulations involve solution of the unsteady Navier-Stokes and mass conserva-
tion equations by a pseudo-spectral method in a 64° wavenumber domain. Reactants A
and B were initially spatially segregated, corresponding to a nonpremixed system. The
effect of turbulence Reynolds number and other physical parameters on selectivity was
determined. Turbulence increases the formation of primary product R over byproduct S
compared to the case of no fluid motion, as expected. It was also found that any
mechanism promoting homogenization of reactants favors the formation of R, whereas
any mechanism sustaining segregation favors the formation of S.

Introduction

Many industrial processes involve chemical reactions in
turbulent flow as important steps. Turbulence is often pre-
ferred over laminar flow because it enhances heat- and
mass-transfer rates. The kinetics of reactions involved in in-
dustrial chemical processes are often complex, with multiple
steps and many intermediate products. The chlorination of
hydrocarbons, the hydration of ethylene oxide, the formation
of ethanolamines (Nauman, 1975), and the nitration of aro-
matic hydrocarbons with nitronium salts (Pfister et al., 1975)
are some examples of reaction schemes exhibiting series-
parallel behavior. The results of manufacturing the wrong
distribution of products are a waste of raw materials and also
an increased load on the separation stages to extract the de-
sired product in pure form. Such considerations are also im-
portant in air-pollution, propulsion, and combustion prob-
lems, which involve a wide range of complex multiple reac-
tions.

Except for combustion studies, the principal fundamental
experimental work on turbulent reacting flows with complex
chemistry has been carried out by Bourne (1981) who studied
a particular series-parallel reaction system—the diazo-cou-
pling reaction, now referred to as Bourne’s reaction. Several
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subsequent experimental studies (Li and Toor, 1986; Mehta
and Tarbell, 1987) have made use of Bourne’s reaction. It
should be noted that in Bourne’s reaction, the first reaction is
very fast compared to the second. Since most experimental
studies were limited to just this particular reaction system,
knowledge about turbulent flow with multiple reactions has
been extremely limited.

Advances in the power and speed of computers have now
made it possible to directly solve the equations for turbulent
reacting flows at low to moderate Reynolds numbers. In di-
rect numerical simulations (DNS), the nonlinear dynamical
equations are solved with no turbulence modeling and with
all time and length scales well-resolved. Direct numerical
simulations of three-dimensional chemically reacting ho-
mogenous turbulent flow for unmixed reactants in a single
step, finite rate reaction have been made by Givi and Mc-
Murtry (1988), Leonard and Hill (1988, 1989, 1991) and Mell
et al. (1993). Some preliminary investigations on the effect of
various physical and chemical parameters for the series-
parallel reaction case have been made by Chakrabarti and
Hill (1990) for decaying homogenous turbulence and by Gao
and O’Brien (1991) for a forced turbulent flow.

In the present study, described in more detail by
Chakrabarti (1991), DNS of a series-parallel reaction pair in
a decaying, homogenous turbulent flow was used to predict
the product distribution in the problem of chemical selectiv-
ity and to help explain the interaction of turbulence, mixing,
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and complex chemistry in this problem. The effect of turbu-
lence, compared to the case with no motion, was studied by
examining the variations of product distributions with turbu-
lence intensity and viscosity, that is, by varying the turbulence
Reynolds number. The effects of other physical parameters
such as Schmidt numbers, diffusivities, reaction rate con-
stants, - initial stoichiometric ratios, and initial scalar field
conditions were also studied. Comparisons between the sin-
gle reaction and the series-parallel reaction systems were
made to better understand the complexity introduced by a
two-step chemical reaction. These results are used in a forth-
coming article in which several models are evaluated
(Chakrabarti and Hill, 1995).

Background

Series-parallel reactions are among the simplest forms of
complex chemistry schemes, and so they are studied in the
investigation reported here. A simple model series-parallel
reaction scheme for chemical species A4, B, R, and § is:

kl
A+B—-R
ks
R+B->S, ¢))

where R, the intermediate product, will be considered the
desired product and §, the undesired product. In the case of
a simple single step reaction, reactants A and B react to
form the product R. But in our case, 4 and B first react to
form R by the first reaction, B then further reacts with the
R formed to produce S. When a substantial amount of R has
been formed, both 4 and R compete for the B present in
the system to form either more R or S, respectively. And the
outcome of this competition determines the product distribu-
tion.

The measure of selectivity used here (Xj) is the ratio of
the amount of B that reacts to form byproduct § to the total
amount of B reacted (Bourne et al., 1981) and is given by the
equation:

2C,

=, 2
(2Cs + Ck) @

X

where Cr and C are the mean concentrations of R and S,
respectively.

In a turbulent flow field, vortex stretching and distortion of
fluid elements by turbulence causes the concentration gradi-
ents of the reactants to increase and increases the area of the
interface between them (Patterson, 1985). Turbulent diffu-
sion reduces the scale of segregation to a considerable de-
gree, and molecular diffusion ultimately mixes the two fluids
on a molecular level. Thus the rate of mixing is greatly en-
hanced by turbulence. If more than one reaction occurs si-
multaneously, then interactions between turbulence en-
hanced mixing and reaction become very important, since it
is recognized that selectivity to specific products is a strong
function of mixing rate (Patterson, 1985). That complex reac-
tions are strongly affected by the mixing intensity has been
noted by other investigators such as Paul and Treybal (1971)
and Cheng and Tookey (1978).
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Paul and Treybal (1971) studied the product distribution
for a homogenous, liquid phase, series-parallel reaction and
found that the reaction rate and/or the product distribution
may be influenced by mixing if the course of the reaction is
influenced by concentration. Based on laboratory measure-
ments of the yield of the diazo-coupling reactions in a CSTR,
Bourne et al. (1978, 1981) observed that the product distribu-
tion from fast, series-parallel reactions, depends upon the
stoichiometric ratio, the volumetric ratio of the reagent solu-
tion, the location of the feed point, the backmixing into the
feed pipe, the operating mode of the reactor, the viscosity of
the solutions, the type, diameter and rotation speed of the
impeller, and the concentrations of the feed solution and
concentrations in the tank. They found that secondary prod-
uct formation can be reduced by one or a combination of the
following measures: increasing the agitator input, reducing
the solution viscosity, reducing the reaction temperature,
avoiding high volume ratios, using dilute reagent solutions,
increasing the stoichiometric ratio, and so on. The experi-
mental results were used to validate the mechanistic engulf-
ment-deformation-diffusion model of Baldyga and Bourne
(1984). Li and Toor (1986) found that for Bourne’s reaction
the yield decreases with a decrease in the Reynolds number
and with an increase in the ratio of the mixing speed to in-
trinsic reaction speed, in both the single-jet and the multijet
reactors. The data from these experiments was compared with
predictions of mechanistic models such as the slab diffusion
model (Mao and Toor, 1971). Heeb (1986) carried out experi-
ments with a polymerization reaction. The work was rather
inconclusive, however, but led to suggestions of potentially
better systems. Mehta and Tarbell (1987) used Bourne’s reac-
tion in an unmixed feedstream multijet tubular reactor and
observed that the concentration profiles (particularly the §
profile) showed large deviations from the perfect mixing limit
corresponding to a plug-flow reactor. Mechanistic models
such as the three-environment model and four-environment
model (Mehta and Tarbell, 1983) use data from these experi-
ments to determine the value of the micromixing parameter
for the models (Tarbell and Mehta, 1986).

Problem

The model series-parallel reaction system being studied is
Eq. 1, where R is the desired product and S is the undesired
product. The reaction rates are second-order with known
constant reaction rate coefficients that are of the same order
of magnitude for each reaction in order to avoid a set of stiff
differential equations. The effective binary Fickian diffusion
coefficient and all physical properties are constant. The fluid
is incompressible, and the scalar field is passive with respect
to the velocity field. The velocity field is a decaying, homoge-
nous turbulent flow field with no mean gradients, and aver-
ages (as indicated by overbars) are evaluated as volume aver-
ages over the entire domain.

The problem is equivalent to that in which the observer
follows the flow in a turbulent plug-flow reactor with the mean
velocity, as shown in Figure 1. An initial turbulence level is
specified, and then the velocity fluctuations decay in time as
viscous dissipation reduces the velocity gradients. The physi-
cal space domain for the simulation is a transparent cube
with sides of length L (= 24r), with periodic boundary condi-
tions for all variables and the units used are arbitrary. The
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Figure 1. Plug-flow reactor.
Adapted from Hill (1976).

square box in the reactor in Figure 1 is a face of the cube.
The relationship between time in the simulations and dis-
tance in the plug-flow reactor is, as indicated in Figure 1,
t = L/U, where U is the mean velocity in the PFR. Initially,
the reactants 4 and B are spatially segregated, and no prod-
ucts R or S are present. For most simulations, alternating
slabs of reactant species are used as initial conditions for
concentration values in order to make visualization of the re-
action zones easier. Some simulations were done for the case
where the scalar field (reactants A4 and B) is isotropic.
Sketches of these initial scalar fields are shown in Figure 2.

The velocity field is governed by the Navier-Stokes equa-
fion:

du
——+u-Vu=-——p-+VV2u, 3)
at p

with the incompressibility condition

Veu=0. 4)

The concentration C; of species “i”’= A4, B, R, § is governed
by the mass conservation equation:

Fe
-a—t—+u-VC,-=DiV2C,-+ri, (5)

(@ (b)

Figure 2. Scalar initial fields.

(a) Slab initial scalar field; (b) blob initial scalar field.
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where r; is the rate expression for the creation of species
and D; is the molecular diffusivity of species “i”. The diffu-
sivities of all species are set equal. The governing equations
are solved with a pseudo-spectral method using a code
adapted from Kerr (1985). The fluid velocity field is repre-
sented by the Fourier expansion:

N
w(x,t)= Y alk,0)e®*, (6)

n=1

and the concentration field by:

N
Clx,0)="Y Ci(k,ne** (7

n=1

for a wavenumber domain of N? Fourier modes. The rota-
tional form of the Navier-Stokes equation,

on p u?
—=uXo-V|=+—]+2vVu, (8)
Jat p 2

is used because it conserves kinetic energy in the absence of
time-stepping errors and viscous dissipation (Orszag, 1971).
The conservative form of the mass conservation equation,

JC,;
—at—+V~uCi=DiV2Ci+ri, o)

177
14

is used, where
or §.

The Fourier components of the dynamical variables are in-
tegrated forward in time using a third-order Runge-Kutta al-
gorithm designed to minimize memory requirements. The
time integration uses a variable time-step based on a
Courant-Friedrichs-Lewy (CFL) stability criterion modified to
include the effects of a finite reaction rate. The Courant
number is defined as:

represents the chemical species A, B, R,

lu

C = .
max }:,ij

+k, max(C,,Cy,Cy,Cq) AL, (10)

where u; is fluctuating component of the velocity in the i-di-
rection, Ax; is the grid-spacing in the i-direction, and the
maximum value is evaluated over the entire domain (Leonard,
1989). The nonlinear terms are evaluated in physical space
and then transformed back to wavenumber space using fast
Fourier transforms (FFT). The pressure term is evaluated in
wavenumber space by using the solenoidal property of the
velocity field. Partial de-aliasing is accomplished by spherical
truncation of wavenumbers outside a spherical shell of radius
8K/9. The initial energy spectrum for the velocity field has
been chosen to be “Gaussian” (ak‘e?*"), “exponential”
(ak’e™%*), or of the form a(kb)*/[1+(kb)* ] (Eq. 3-151,
Hinze, 1975) where @ and b are given in Table 1. The theo-
retical and measured (in simulations) values of the integral
length scale, Taylor microscale and Kolmogorov microscale
for the different spectra are also shown in Table 1. The de-
tails of the derivations of the theoretical forms of the length
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Table 1. Initial Velocity Field Energy Spectra

Spectrum E(k,0) a b A; A 7
“x” aktebk* t6u” ‘/ 2 2 T**: 1,00 T: 0.8 T: 0.07
P = e |1 - 0. : 0.
M 0.99 M: 0.78 M: 0.07
12
«y» ak3e bk 8w 3 T: 0.94 T: 0.6 T: 0.06
4 ki ky
M: 0.82 M: 0.58 M: 0.06
a(kb) 8V2u'’ VZm
“g» —s — p M: 0.94 M: 0.3 M: 0.05
(1+(kb)?) 0 0

*Derivations for constants @ and b and the different length scales are given in Chakrabarti (1991). The peak wave number, k is 2.5 and the cut-off is

32.

**T implies evaluated from theoretical expressions given in Chakrabarti (1991).

M implies measured from simulations.

scales are given in Chakrabarti (1991). In the present study,
the simulations used an initial Gaussian energy spectrum (X),
unless otherwise mentioned.

The same initial conditions for the velocity field (the same
seed for the random number generator) were used for all
runs except for three runs which were done with three differ-
ent random number seeds. The statistical quantities such as
R,, C,, and cgzcg are almost identical for the three cases and
so the calculations presented here are a realistic representa-
tive sample. The viscous dissipation spectra and the scalar
dissipation spectra were evaluated, and it was found that the
simulations were well-resolved. Increasing the Courant num-
ber (Eq. 10) corresponds to increasing the time-step, so the
computer time for the simulation is reduced but time-step-
ping errors become significant. Simulations were done with
Courant numbers of 1.0 and 1.5 and the statistical quantities
were almost identical for the two cases. The higher Courant
number (= 1.5) was chosen for the simulations so as to re-
duce the computer time needed.

Two types of initial scalar fields, shown in Figure 2, are
used in this study. One corresponds to the slab or striped
case where the initial concentration distribution of reactant
species is similar to that used by Leonard and Hill (1989), in
which the initial scalar field corresponds to spatially segre-
gated slabs of reactants parallel to the x plane, such that B
lies in the center half of the domain and A lies to the sides.

The other type of initial scalar field corresponds to the blob
or prestirred case, where the scalar field is approximately
isotropic. The scalar field is preconditioned to create realistic
spatial structures for the concentrations of 4 and B. For this
case, both the velocity and scalar fields are preprocessed. An
initial energy spectrum of the form

(kA

— an
[1+ kA’

E(k,0) «

was specified for the presimulation. To generate a statisti-
cally isotropic scalar field, the scalar field is preconditioned
as follows. The Fourier coefficients of a Gaussian random
variable ¢ are scaled to fit a prescribed concentration spec-
trum of the form:
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(kA,)

(k,0) .
E (k,0)x [1+(kAf)2]2

(12)

The function ¢ is allowed to convect and diffuse for some
time (until ¢ = 0.4, that is, about one-half of an eddy turnover
time) while the velocity field is being pretreated. In regions
where ¢ is positive, the concentration of A is assigned a
value of 2 and in regions where ¢ is negative, B is assigned
the value 2. The Fourier transform of this concentration field
is used as initial values for the scalar field. Diffusive damping
of the initial conditions (Df* = (0.02) was used at the begin-
ning of the simulation for both initial scalar fields to avoid
negative concentrations produced by Gibb’s ringing.

Simulations in this study were carried out in decaying
isotropic turbulence on a grid of 64° Fourier modes. The cal-
culations were done on the Cray X/MP and Cray Y/MP at
the National Center for Supercomputer Applications, IL and
on the Cray Y/MP at the Ohio Supercomputer Center. The
computational or “cpu” time per time-step for the simula-
tions was about 12 s on the Cray Y/MP, and a typical simula-
tion needed about 250 time-steps.

The turbulence Reynolds number (R,) and other physical
parameters were varied for the different calculations per-
formed. The turbulence Reynolds number R, is a measure of
turbulence and is defined as u'A/v, where 1 is the turbulence
intensity, A is the Taylor microscale for the velocity field, and
v is the viscosity. The velocity field description is given in
Table 1, where R, refers to initial velocity fields. Decay of
the velocity field proceeds as given by Leonard and Hill
(1991). Initial conditions and parameters for the simulations
along with the corresponding labels for the different cases
are given in Table 2.

Results and Discussion

The behavior of the single reaction system when compared
to the case with complex chemistry is significantly different.
Figures 3a and 3b show the time evolution of the reactants A
and B and products R and § for the cases of single and
multiple reactions in a homogeneous decaying turbulent flow
field for conditions of case K and case A, respectively. The
decay of B is faster in the case of the series-parallel reaction,
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Table 2. Initial Conditions for the Simulations*

Parameters Dimensionless Groups

Case v D ky k, u C0/Cphy R, Sc Da, Da,
A 0.025 0.036 5 1 0.96 1 29.93 0.7 5.16 1.03
B 0.025 0.036 5 1 1.06 1 33.12 0.7 4.67 0.93
C 0.025 0.036 5 1 1.45 1 45.07 0.7 X3 0.68
D 0.04 0.057 5 1 0.96 1 18.70 0.7 5.16 1.03
E 0.10 0.143 5 1 0.96 1 7.48 0.7 5.16 1.03
F 0.04 0.036 5 1 0.96 1 18.70 1.12 5.16 1.03
G 0.10 0.036 5 1 0.96 1 7.48 2.8 5.16 1.03
H 0.025 0.25 5 1 0.96 1 29.93 0.1 5.16 1.03
I 0.025 0.062 5 1 0.96 1 29.93 0.4 5.16 1.03
J 0.025 0.025 5 1 0.96 1 29.93 1.0 5.16 1.03
K 0.025 0.036 5 0 0.96 1 29.93 0.7 5.16 0
L 0.025 0.036 5 2.5 0.96 1 29.93 0.7 5.16 2.58
M 0.025 0.036 5 5 0.96 1 29.93 0.7 5.16 5.16
N 0.025 0.036 1 2 0.96 1 29.93 0.7 1.03 2.06
0O 0.025 0.036 2.5 5 0.96 1 29.93 0.7 2.58 5.16
P 0.04 0.036 5 1 0.96 0.67 18.70 0.7 4.22 0.84
Q 0.04 0.036 5 1 0.96 0.9 18.70 0.7 4.89 0.98
R 0.04 0.036 5 1 0.96 12 18.70 0.7 5.65 1.13
S 0.04 0.036 5 1 0.96 1.5 18.70 0.7 6.32 1.26
T - 0.036 5 1 0.0 1.0 0.0 - - -

*Note: The values of R,, Da, and Da, correspond to an initial Gaussian energy spectrum, “X”. For spectrum “Y”, R, should be multiplied by 0.74
and Da; and Da, should be multiplied by 0.83. For spectrum “Z”, R, should be multiplied by 0.38 and Da, and Da, should be multiplied by 0.95.

because B is being consumed by both reactions. The produc-
tion of R keeps increasing till A and B are exhausted in the
case of a single reaction, whereas with a series-parallel reac-
tion scheme R is formed by one reaction and is consumed by
the second. The system reaches an asymptotic state once B is
fully consumed. The evolution of R and § for the blob case
is discussed later.

DNS results have been analyzed for initial slab and
isotropic (blob) scalar fields. The correlation coefficient for
A and B is defined as vy, =c 5 /Ac/ i) and that for B and
R as ygg =cpcpAcscR). These are shown in Figure 4 for the

single reaction case and the series-parallel reaction case for a
slab initial scalar ficld. The intensity of segregation I, for 4
and B, defined as —c,cz/(C,Cp), and I for B and R, de-
fined as —czcg AC5zCr), were determined and the time evo-
lution of I, for A and B, and I, for B and R for the slab and
blob case for the series-parallel reaction is shown in Figure 5.
The time evolution of I for 4 and B and I, for B and R for
the single reaction case and a slab initial scalar field is also
shown in Figure 5. The definition of I, used here is one de-
fined for reacting systems (Danckwerts, 1952; Hill, 1976). This
differs from definitions commonly used (for example, that

1.0
A
————— B
- —t— R
S 08 F N\ ——=
o [ \
2 \
- - \
« \
: 0-6 I~ \
] - \
¢ | \
=1 \
=] i \
© 04 | AN
=] 5 N
3 | o 4
p= I e T
o2 f -7 T
: | 7~ // \\\
- / \\\
% - -~
00 Lo 0 0 0 0
0 2 4 6 8 10
Time, t
(b)

Figure 3. Time history of reactants and products for case A and an initial slab scalar field.
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Time, t
Figure 4. Correlation coefficients y,; and yg, for sin-
gle-step (case K) vs. two-step (case A) reac-
tions for slab initial conditions of the scalar
field.

used by Gao and O’Brien, 1991) in modeling reacting systems
with a conserved scalar. The values obtained for I for 4 and
B imply a very high degree of segregation. This is expected,
since initially segregated reactants were used. The values of
I, for B and R suggest imperfect mixing, but also suggest
that B and R are more mixed than 4 and B are. These
conditjons are different from those used by Gao and O’Brien

1.5
A and B (2-reaction, blob case)
[ e ——— B and R (2-reaction, bicb casse)
| ————— A and B (2-reaction, slab case)
— — — Band R (2-reaction, siab case)
| + A and B (1-reaction, slab case)
x B and R (1-reaction, slab case)
L _
i M. -t N -t ; n

Intensity of segregation, I,

Time, t
Figure 5. Intensity of segregation /; for case A for slab
and blob initial scalar fields vs. case K for a
slab initial scalar field.
I, for A and B is —c4cp5/CaCp I, for B and R is
—cpcr/CsCr-
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Table 3. Initial Damkohier Numbers for the Slab and Blob

Scalar Fields for Case A
First kind, Da, Second kind, Da,
Initial kiCaoAy  kyCyuphs k1CA0)\f, kZCAU).é
Scalar Field u u' D D
Slab Case 5.16 1.03 84.5 16.9
Blob Case 5.96 0.945 79.3 15.86

(1990) who had zero initial correlation for the scalar fields
and a forced turbulent flow field. The values of 7, obtained
from the simulations also show that the slab initial scalar field
corresponds to a more segregated scalar field compared with
the blob initial scalar field, again as expected. For conditions
of case A, the first and second DamkgShler numbers for the
two reactions were evaluated for both slab and blob initial
scalar fields and are given in Table 3. The first reaction can
be said to be moderately fast while the second reaction is
slow.

Next, we will discuss some local reaction rates that bear on
the behavior discussed earlier and also examine the effect of
various physical parameters on product distribution and se-
lectivity.

Structure of reaction zones

A point to note about series-parallel reactions is that there
are two reaction zones, one for each reaction, although there
is considerable overlap. In the absence of a velocity field, dis-
tribution of products for the complex chemistry case will de-
pend on the initial distribution of reactants. If 4 and B have
the same initial concentration distributions with the same
peak values but merely spatially displaced, or in other words,
if A and B are initially anticorrelated, the peak value of the
generation rate of R would initially occur in the region of
overlap of the two distributions and R would be distributed
symmetrically about the peak. The distribution of R will de-
pend on the details of the spatial distribution of 4 and B.
The generation rate of § resulting from the reaction of B
and R will be greatest inside the B rich region. If A is given
by Ayel~***0’] and B is given by Byel~* =%l then &R
will be k,AyByel 22 +xDlst, where SR is the incremental
amount of R produced in time &¢f. The actual value of R
after a short interval of time can be found by solving the
one-dimensional diffusion equation. The distribution of R
would be similar in form to the distribution of the generation
rate of R except for the spread caused by diffusion. The sec-
ond reaction starts only after some R has formed. Also, some
B has already been consumed. The generation rate of S in
the initial period will be given by 65 « R, B;, where R, and
B, are the values of R and B, respectively, at time &¢. Since
the reaction system is closed, that is, A and B are not replen-
ished, the result of the reaction is to cause a reduction in the
total values of 4 and B. The reductions are initially local-
ized. The effect of diffusion would be to cause a redistribu-
tion of A and B and can be computed by solving the diffu-
sion equation. The consumption rate of B is higher than A4
because B takes part in two reactions. The peaks of the dis-
tribution of R and S are towards the A-rich region and B-rich
region, respectively. The above simple explanation is for the
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Figure 6. Reaction rate profiles along the line y = z = 0 for slab initial conditions.
(a) k,C,Cy for Case K (single reaction); (b) k;C,Cy for Case A (two-step reaction); (c) k,CzCy for Case A (two-step reaction); (d)

comparison of (a), (b), (¢) at ¢ = 3.0.

case of no motion, but we expect qualitatively similar behav-
ior in the actual system.

In the presence of a turbulent velocity field, the time evo-
lution and spatial variation of the reaction zone depends on
the velocity field, as well as on reaction and diffusion. Figure
6a shows the spatial variation of the reaction rate k,C,Cj, at
three different times, for the case of a single reaction. The
two peaks in the profile of £,C,Cy represent the two spatial
locations of the reaction zone, for the first reaction. Figures
6b and 6¢ show the spatial variation of reaction rates k,C,Cg
and k,CzCy respectively, for the case of a series-parallel re-
action scheme, also at three different time levels. The value
of k,C,Cp is the highest initiaily, and the peak falls as A4
and B are consumed by the reactions. The second reaction
rate k,CyzCp is zero initially, because there is no R in the
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system. Then as R forms, the reaction rate increases but again
decreases with time. The reaction rates (k,C,C, and
k,CyCp) for the multiple reaction case and the reaction rate
(k,C,Cy) for the single reaction case, all at one time, are
shown in Figure 6d. This figure shows that the reaction zone
for the first reaction in the multiple reaction case almost co-
incides with the reaction zone for the single reaction. The
reaction zones for the two reactions do not coincide, how-
ever, in the multiple reaction case. The reaction zone for the
second reaction appears to have migrated towards the B-rich
region because the second reaction depends on the presence
of B in the system and not on A. The reaction zone for the
first reaction does not migrate with respect to the reaction
zone for the single reaction because the first reaction de-
pends on the presence of both A4 and B.

AIChE Journal



Effect of physical parameters

It has been noted by Levenspiel (1972) that for the case of
a very fast series-parallel reaction, it is important to achieve
homogeneity in 4 and R in order to favor the formation of
the intermediate R. Previous simulations have confirmed the
general validity of this observation (Chakrabarti and Hill,
1990). In fact, the effect of turbulence and other physical pa-
rameters such as viscosity, Schmidt number, diffusivity, reac-
tion rate constants, initial stoichiometric ratio and initial con-
ditions on product distribution may be explained very simply:
any mechanism sustaining segregation of reactants depresses
formation of R, whereas any mechanism causing homoge-
nization (mixing)} depresses formation of S. The literature on
series-parallel reactions also supports the thesis that segrega-
tion depresses the formation of intermediate R (Levenspiel,
1972; Bourne and Toor, 1977).

For the series-parallel reaction, that is, Eq. 1, the ratio of
the rates of the two reactions is given as:

Tr _ k(CyCatccp) = ky(CyCr+czcy)
s ko (CyCr+cpcg) .

(13)

Since ¢; are the fluctuations due to imperfect mixing, czcy is
a measure of the imperfections in mixing. Bourne and Toor
(1977) have shown that for separate feeds, imperfect mixing
lowers the value of rg/r¢. According to Levenspiel (1972), if
there is any nonhomogeneity in 4 and R, the formation of §
is favored, since the reaction zones (zones between regions of
high A concentration and high B concentration) contain
higher concentrations of R than the surrounding regions, and
there is thus a steep concentration gradient and R mixes and
reacts with B to form §. But if 4 and R are spatially ho-
mogenous or are present together, they can compete with
each other for the B present and produce more R or S. If
they are not spatially homogenous, then R reacts with B to
form S. These situations are comparable to the case where B
is added slowly to a mixture of A and to the case where A4 is
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Figure 7. Effect of turbulence intensity on selectivity:
cases A, B and C for a slab initial scalar field.

AIChE Journal

Table 4. Effect of Initial Turbulence Reynolds Number on
Selectivity at ¢ = 10, for 5S¢ = 0.7 and Slab Initial Condition

Case* u v R, X
T 0 - 0 0.740
E 0.96 0.1 7.48 0.637
D 0.96 0.04 18.70 0.638
A 0.96 0.025 29.93 0.631
B 1.06 0.025 33.12 0.618
C 1.45 0.025 45.07 0577

* Corresponding to Table 2.

added slowly to a mixture of B, respectively, as described by
Levenspiel (1972). Thus, segregation of reactants favors for-
mation of §, whereas homogenization favors formation of R.
A more detailed discussion on the subject is available in
Chakrabarti (1991).

Effect of Turbulence Reynolds Number. The presence of
turbulence has a marked effect on product distribution and
thus on selectivity. Compared to the case with no velocity, it
is found that in a turbulent flow field, the mean values of A
and B decrease faster, whereas the mean values of R and §
increase faster initially, leading to higher conversions. Thus
the presence of turbulence favors formation of the desired
product R over undesired product S. The effect of turbu-
lence Reynolds number R, (=u'A/r) was determined by
varying the turbulence level and by varying the viscosity,
keeping the length scale constant.

Figure 7 and Table 4 show that a lower value of X is
achieved in the presence of turbulence and that, as the turbu-
lence intensity is increased (that is, R, is increased), the se-
lectivity X decreases. Thus a high level of turbulence pro-
duces a better yield of the desired product than does a lower
level. Figure 8 shows that a lower value of viscosity, or in
other words, a higher value of R,, favors formation of de-
sired product R over undesired product S. Also Table 5 shows
that the asymptotic value of X increases as viscosity in-
creases. These observations support Bourne’s hypothesis that

1.0
3 viscosity = 0.01
e —_—— viscosity = 0.025
- ————- viscosity = 0.04
08 | —— — —  viscosity = 0.1
|
I ——— ]
06 ===

Selectivity, Xs

04

0.2

0.0 — e

0 2 4 6 8 10
Time, t
Figure 8. Effect of viscosity on selectivity: cases A, F
and G for a slab initial scalar field.
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Table 5. Effect of Viscosity on Selectivity at ¢ = 10 for a Slab
Initial Scalar Field

Case* v Sc R, X
A 0.025 0.7 2993 0.631
F 0.04 1.12 18.70 0.652
G 0.1 2.8 748 0.695

* Corresponding to Table 2.

a reduction of solution viscosity reduces the formation of sec-
ondary product S (Bourne et al., 1978; Angst et al., 1982).
Physically, as the turbulence intensity #' increases, that is,
as R, increases, there is more stretching and distortion of
fluid elements and consequently more folding of isoscalar
surfaces. As a result, the reaction surface area increases and
concentration gradients are steepened, leading to enhanced
mixing. Thus transport is enhanced and improved local ho-
mogeneity is achieved. As the viscosity is decreased, the flow
structure is more detailed, with smaller scales present. The
sizes of small-scale structures in the velocity field decrease,
and since the scalars are transported with the velocity field,
there is also a decrease in the size of the scalar field struc-
ture. Figure 9 shows that the scalar microscale, which is a
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Figure 9. Effect of viscosity on scalar microscale: cases
A, F and G for a slab initial scalar field.

(1)

Figure 10. Contours of reaction rate in the plane z = 0 at t = 3.0 for different viscosities and Schmidt numbers for a

slab initial scalar field.

(@) ,C4Cp for case A; (b) k,C,Cy for case E; () k,C,4Cy for case G; (d) k,CpCp for case A; () k,CzCp for case E; (£) k,CyCyp for case
G.
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Table 6. Effect of Schmidt Number on Selectivity at ¢ =10
for a Slab Initial Scalar Field

Case* v D Sc R, X
H 0.025 0.25 0.1 29.93 0.565
i 0.025 0.062 0.4 29.93 0.616
A 0.025 0.036 0.7 29.93 0.631
J "0.025 0.025 1.0 29.93 0.639
F 0.04 0.036 1.12 18.70 0.652
G 0.1 0.036 2.8 7.48 0.695

*Corresponding to Table 2.

measure of the size of structures in the scalar field, decreases
as viscosity is decreased. The isoscalar surface is wrinkled as
a result of the small-scale structures in the scalar field, and
thus the rate of diffusion of the smaller scales is increased,
leading to enhanced transport rates and increased homoge-
nization of the smaller scales. So, an increase in turbulence
Reynolds number caused by either an increase of turbulence
intensity or by a decrease of viscosity enhances homogeneity
and favors the formation of R over the formation of S.

The effect of changes in viscosity on the reaction rates
k,C,Cg and k,CyCp is shown in Figure 10. Figures 10a and
10b show contour plots of the reaction rate k,C,Cy for two
different values of viscosity, and Figures 10d and 10e show
contour plots of k,CpCy for two different values of viscosity.
Figures 10a and 10d, which correspond to a lower value of
viscosity and thus a higher value of R, compared to Figures
10b and 10e, show finer scale structure. When the viscosity is
high, small-scale structures are dissipated more quickly, and
hence fewer of those are present than in the case for which
the viscosity is low and more scales are present. Thus a lower
value of the viscosity produces more detail in the scalar field.
Simulations show that the effect of viscosity is the same for
both slab and blob initial scalar fields.

Effect of Schmidt Number. The Schmidt number (Sc) is
the ratio of viscosity (v) to diffusivity (D), and thus the effect
of Schmidt number on selectivity (keeping v constant) is es-
sentially the effect of diffusivity on selectivity; a low value of
Schmidt number reflects a high value of diffusivity. It is ob-
served from Table 6 that Xy decreases with a decrease in the
value of the Schmidt number, which means if diffusivity is
increased, more R is formed compared to S.

An increase of diffusivity directly decreases the size of the
scalar field structure. Figures 10b and 10c show contour plots
of the reaction rate k,C,Cy for two different values of Sc
whereas Figures 10e and 10f show contour plots of k,CyChg.
As Sc is decreased, D is increased, there is more transport,
hence more homogeneity, and the first reaction is favored
over the second.

1.0

Selectivity, X

k1=5 k2=1

—_—— k125 k=5
— — — ki=25i2s5
e kst k222
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00 Lo 1
0 2 4 6 8 10

Time, t
Figure 11. Effect of rate constants on selectivity: cases
A, L, M, N and O and a slab initial scalar field.

Coupled Effect of Viscosity and Diffusivity. When the vis-
cosity is decreased for constant Schmidt number, the diffusiv-
ity is also decreased. Whereas the effect of a decrease in v is
to decrease X, the effect of a decrease in D is to increase
X. As a result of these competing effects, the selectivity X
remains relatively unchanged. This effect was observed for
different initial energy spectra and is shown in Table 7.

Effect of Rate Constants. As the ratio of the rate constants
ki/k, is increased, the formation of both R and § is in-
creased, but the formation of R is favored over the formation
of S. That observation is reflected in the decrease in the value
of X, with an increase in the ratio of the rate constants, as is
shown in Figure 11 and Tabie 8.

When k,; > k, or Da, > Da,,

where

Day = k1 CyoCpo A/t

and

Day = ky/CygCpy A/l

Table 7. Coupled Effect of » and D on Selectivity at ¢ =3 and 10 for a Slab Initial Scalar Field and for Different Initial

Energy Spectra
X, for Different Initial Energy Spectra
w“x “ye wgm
.Case* v D R, =3 t=10 t=3 t=10 t=3 t=10
A 0.025 0.036 29.93 0.535 0.631 0.544 0.660 0.559 0.682
D 0.04 0.057 18.70 0.543 0.638 0.554 0.663 0.568 0.683
E 0.1 0.143 7.48 0.563 0.637 0.572 0.649 0.583 0.667
*Corresponding to Table 2.
AIChE Journal November 1995 Vol. 41, No. 11 2365



Table 8. Effect of Rate Constants on Selectivity at ¢ = 10 for

a Slab Initial Scalar Field

Case™* k, k, ky/ky X
K 5 0 - -
(6] 2.5 5 0.5 0.829
N 1 2 0.5 0.870
M 5 5 1 0.733
L 5 2.5 2 0.688
A 5 1 5 0.630

*Corresponding to Table 2.

as defined by Gao and O’Brien (1991) for the series-parallel
reaction, the first reaction proceeds faster than the second
reaction. Thus the initial formation of R by the first reaction
is favored. Since both R and A compete for the available B,
whether R or S will be preferentially formed depends on the
relative rates of the two reactions. As k,/k, increases, the
rate of the first reaction increases relative to the second, and
thus the formation of R is favored over the formation of S,
leading to a decrease in the value of X,. But for a given pair
of reactions, the ratio k,/k, is almost constant and can only
be varied slightly by changing the temperature of operation.
Another interesting observation is the fact that X depends
on the absolute values of k; and k,. As Figure 11 shows, X
increases as k, increases for the same k,/k, ratio. Our re-
sults are in agreement with the findings of Gao and O’Brien
(1991) that for the case of Da, > Da,, the formation of S
depends upon Da,, whereas for the case of Da, < Da,, Da,
is the determining factor. The time evolution of the mean
concentrations of A, B, R and § for Da; > Da, and for Da,
< Da, is shown in Figure 3b and Figure 12, respectively. The
figures illustrate that whereas R is rich for Da; > Da,, com-
paratively less R is present when Da, < Da,. This has also
been observed by Gao and O’Brien (1991). However, the sim-
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Figure 12. Time history of reactants and products for

case O, k,/k,=0.5 and a slab initial scalar
field.
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Table 9. Effect of Initial Stoichiometric Ratio on Selectivity
at ¢=10 for a Slab Initial Scalar Field for R,=18.7, Sc=0.7

Case* P Q D R S
Ca0/Cro 0.67 0.90 1.0 1.2 1.5
X 0.753 0.656 0.638 0.617 0.607

*Corresponding to Table 2.

ulations of Gao and O’Brien (1991) are for a forced turbulent
flow and zero initial correlation for the scalar fields. The case
where k, <k, becomes important is when the second reac-
tion is the desirable reaction and § is the primary product.

Effect of Stoichiometric Ratio. The initial stoichiometric
amount of B in the case of series-parallel reactions can be
interpreted as either the amount of B needed for the first
reaction or as the amount of B needed for both the first and
second reaction. The stoichiometric ratio is defined as
C0/Cpy for the first interpretation and 2C,,/Cp, for the
second interpretation. C 4,/Cgo= 0.5 is the minimum initial
concentration ratio required for the second reaction to go to
completion. Simulations show that as the value of the initial
stoichiometric ratio (C,,/Cpg,) is increased, the asymptotic
value of X decreases, as is evident from Table 9. Also, X
increases to its asymptotic value faster for higher values of
C 10/ Cao, as shown in Figuare 13.

If the initial stoichiometric ratio (C,/Chp,) is greater than
0.5, B is the limiting reagent, and R is not fully converted to
§ as the reactions run to completion, since B becomes ex-
hausted. Thus, to form significant amounts of R, the initial
stoichjometric ratio (C,,/Cpy) should be greater than 0.5
(such as around unity). If initial stoichiometric ratios greatly
in excess of 1 are used, very little S is formed. Though Xj is
very low in such cases, the price is a low conversion of 4 and
hence a waste of raw materials or increased separation costs.
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Figure 13. Effect of nonstoichiometry on selectivity:
cases P, Q, D, R and S and a slab initial scalar
field.
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Figure 14. Effect of initial conditions on the evolution of
R and S: case A with slab (1-d) and blob (3-d)
initial distribution of reactants A and B.

Increasing the initial stoichiometric ratio implies decreasing
the amount of B available for reaction, so that B is depleted
earlier. Thus more R is formed and X reaches its asymp-
totic value faster. Experimental results from a CSTR show
that product distribution is not highly sensitive to stoichio-
metric ratio when this ratio is around 1 (Bourne, 1982).

Effect of Initial Conditions. The above results on the ef-
fects of turbulence Reynolds number (R,), viscosity, diffusiv-
ity and Schmidt number on selectivity show that homogeniza-
tion of reactants is the key factor controlling the amount of
R and § produced and consequently in determining Xj.
These results were all for the slab initial scalar field. A study
of the effect of different initial fields for the reactants, how-
ever, further supports the above observation.

Figure 14 shows that the amount of R produced is consid-
erably higher for the isotropic initial scalar field than for the
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Table 10. Effect of Initial Scalar Field on Selectivity

Selectivity, X

Initial
Scalar Field t=06 t=3.0 t=10.0
Siab 0.315 0.535 0.630
Blob 0.250 0.491 0.521
1.0
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- memaa Slab
08 |
m L
e -]
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Figure 15. Effect of initial conditions on selectivity: case
A with slab (1-d) and blob (3-d) initial distri-
bution of reactants 4 and B.

slab initial field. Consequently, a lower value of X is ob-
tained for the blob case compared to the slab case as is shown
in Table 10 and Figure 15. For the slab case, transport is
initially one-dimensional until the other concentration scales
parallel to the slab develop (Leonard and Hill, 1991). For the
blob or prestirred case, the initial scalar field is a three-di-
mensional field, with 4 and B distributed randomly in all
three directions. So the reactants 4 and B are better mixed

0.4

(€)
Figure 16. Perspective plots of reaction rates in the plane z =0, at t = 3.0 for case A.
(a) £,C4Cp for a slab initial field; (b) k,C4Cp for a blob initial field; (c) k,CyCp for a blob initial field.

2367



Scalar microscale, A;
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Time, t

Figure 17. Evolution of scalar concentration mi-
croscales for case A and a slab initial scalar
field.

in a macroscopic sense, and the reaction surfaces are more
extensive compared to the slab case. The initial integral length
scale for the scalar field is 0.51 for the blob case and 1.2 for
the slab case, indicating better transport and hence more ho-
mogeneity for the blob case. Because of homogeneity in A
and R, both A and R can compete for B, and as previously
explained, the formation of R is favored over the formation
of S. Figures 16a and 16b show perspective plots of the reac-
tion rates k,C,Cy for a slab and blob scalar field respec-
tively. Figure 16c shows the perspective plot of the reaction
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Figure 18. Evolution of scalar concentration mi-
croscales for case A and a blob initial scalar
field.
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Figure 19. Square of scalar concentration microscales
for case A for isotropic (blob) vs. anisotropic
(slab) initial scalar fields.

rate k,C,Cp for a blob scalar field. Since there is more ho-
mogenizatién with an initially isotropic scalar field, the per-
spective plot Figure 16b shows smoother contours compared
to the contours in Figure 16a which is for an initial slab scalar
field.

Concentration microscales for inert species and reacting
species have been discussed by Leonard and Hill (1991). Since
reaction increases concentration gradients, the growth of the
concentration microscales was found to be somewhat less
when chemical reaction is present compared to the case with
no reaction, although the difference was small. The growth
rate of the concentration microscales was greater for an
isotropic scalar field than for an anisotropic scalar field
(Leonard and Hill, 1991). The evolution of concentration mi-
croscales for reactants and products are shown in Figure 17
for the slab case and in Figure 18 for the blob case, for simu-
lations with a series-parallel reaction pair. Table 6 compares
values of the nondimensional scalar microscale for the blob
and slab initial scalar fields. Figure 19 shows that the growth
of the concentration microscales is pronounced for the blob
case and remains almost constant for the slab case, in agree-
ment with the observations of Leonard and Hill (1991) for a
single reaction.

Conclusions

Direct numerical simulations of the nonlinear dynamical
equations have been performed to study the problem of
chemical selectivity using a pseudo-spectral method on grids
of 643 Fourier modes. Simulations were carried out in decay-
ing, isotropic turbulence with varying R, and with initially
segregated reactant species.

The effect of various physical parameters on selectivity was
examined. Comparisons with the case of no velocity show that
the presence of turbulence favors formation of the desired
product R over the undesired product S. As the turbulence
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Reynolds number is increased, mixing is enhanced and the
formation of R is favored. A decrease in viscosity decreases
the size of the small-scale structure of the velocity and scalar
fields, thus favoring the formation of primary product R. A
decrease in Sc at fixed R, implies an increase of diffusivity
and favors the first reaction over the second. As the ratio of
the rate constants (k,/k,) is increased, more of R is formed
compared to S, because the relative rate of the two reactions
determines the product distribution. When the initial stoi-
chiometric amount of A is more than 0.5 times the initial
stoichiometric amount of B, the formation of S is suppressed
because the limiting reagent B gets exhausted and the sec-
ond reaction cannot take place. Simulations for the case
where the initial scalar field is isotropic show that the amount
of R formed is considerably higher than for the case with a
slab initial scalar field. The isotropic scalar field is three-di-
mensional and hence more homogenous, and thus transport
is better compared to the slab scalar field where the trans-
port is initially one-dimensional.

Comparisons of the local reaction rates for the one and
two reaction cases were made. The reaction zones for the
first and second reaction in the complex chemistry case do
not coincide, as it appears that the reaction zone for the sec-
ond reaction migrates towards the B-rich region. Examina-
tion of the spatial distribution of reaction rate for various
values of physical parameters reveals the following details
about the structure of the concentration field: (a) the scalar
field is more detailed for a lower value of viscosity since more
small-scale structures are present, and (b) the sizes of the
scalar field structures decrease with an increase of diffusivity.
Good mixing and homogeneity in 4 and R favored the for-
mation of the intermediate R, and thus the effect of all the
physical parameters can be explained in terms of the part
played by the parameters in bringing about homogenization.
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Notation

a, b =constants in initial energy spectrum
¢; = fluctuating component of concentration of species i
¢; =root-mean-square value of concentration fluctuations
of species i
¢;c;=covariance of concentration fluctuations of species i
and j
C = Courant number, as defined in Eq. 10
C,, =initial concentration of species i
C;=average concentration of species i
DNS =direct numerical simulation
Da; = Damkohler number for the first reaction
= le C40Cro Af/u’
Da, =Damkohler number for the second reaction
= kzv Ca0Cao Af/“’
D,;, D,;; =Damkohler number of the first and second kind
(Table 3)
E(k, 0) =initial energy spectrum for the velocity field
E 4(k, 0) =scalar test field o
I, =intensity of segregation = —¢;c;/C;C;
k =wavenumber vector
k, =peak wavenumber

AIChE Journal November 1995

ki, k, =Xkinetic rate constants for the first and second reac-
tions
L =length of spatial domain ( =2 7 in arbitrary units)
N =number of Fourier modes in each direction
p =pressure
R, =turbulence Reynolds number, WAy v
t =time
t* =presimulation diffusion time to eliminate Gibb’s ring-
ing
u = velocity
u’ =turbulence intensity, y/uu, /3
x, y, z =spatial coordinates
x', ¥ =spatial grid point location (Nx/L, Ny/L)
X =selectivity, as given in Eq. 2

Greek letters

a = constant
v,; = correlation coefficient between concentration fluctua-
tions of species i and j =c,c;/cic}
At =time-step
7 = Kolmogorov length scale
A, =Taylor microscale
A; =scalar microscaie of species i
A;o =imitial scalar microscale of species i
A, =longitudinal integral length scale of the velocity field
v = kinematic viscosity
p =density of the fluid
@ = vorticity

Specific symbols

* =Fourier transformed variable
~=time- or volume-averaged value
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