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NETmix® is a new technology for static mixing based on a network of chambers
connected by channels. The NETmix® model is the basis of a flow simulator coupled
with chemical reaction used to characterize macro and micromixing in structured po-
rous media. The chambers are modeled as perfectly mixing zones and the channels as
plug flow perfect segregation zones. A segregation parameter is introduced as the ratio
between the channels volume and the whole network volume. Different kinetics and
reactants injection schemes can be implemented. Results show that the number of rows
in the flow direction and the segregation parameter control both macro and micromix-
ing, but the degree of micromixing is also controlled by the reactants injection scheme.
The NETmix® model enables the systematic study of micromixing and macromixing
for different network structures and reaction schemes, enabling the design of network
structures to ensure the desired yield and selectivity. © 2009 American Institute of

Chemical Engineers AIChE J, 55: 2226-2243, 2009
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Introduction

The importance of mixing can hardly be exaggerated.
Mixing is at the heart of many operations in the chemical,
petrochemical, and pharmaceutical process industries, and is
often accompanied by chemical reactions whose outcome
depends strongly upon the efficiency of the mixing pro-
cess.'? Examples include chemical reactors, dispersion, and
transport of contaminants in porous media, among many
other examples.*® Therefore, a computationally efficient
mathematical model capable of predicting mixing and chem-
ical reaction is clearly desirable for the design of process
equipment such as static mixers.’

Network models have been widely adopted as a basis for
describing the void structure and transport properties of po-
rous media for over 40 years. A network model is intuitively
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desirable, because it avoids a detailed geometric description
of the void space in favor of an idealized description that is
amenable to a computational and even a analytical treatment.
The concept that fluid paths in a porous medium may split
and, later on, join other paths, has prompted most authors to
think of a network model of pore space in which the
branches represent the pore throats or the narrow channels
that connect the nodes that represent the pore bodies. Many
authors ignore nodes and assign them no volume, although
there have been several papers in which this assumption has
been relaxed,ﬁ_8 and currently it is even considered that most
of the void space of a porous medium is associated not with
the network branches but with the nodes.’

One of the earliest attempts of using network models to
model flow through a porous medium was the work of Fatt
(1956).10 Network models were later used to predict the
macroscopic transport and capillary equilibrium properties of
porous media, for example: simulation of mercury intrusion
porosimetry curves of sandstones and catalyst particles;'''*
prediction of air-mercury and oil-water drainage capillary
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curves'"' and relative permeability curves of sandstones;'®

study of two-phase flow immiscible displacement at finite
capillary numbers,'”?° and single phase flow through in po-
rous media.>"*? Other authors also used network models to
describe flow and dispersion in porous media, without reac-
tion,>>~2 or with the inclusion of adsorption”’28 or chemical
reaction.”?° Network models were also used to describe
quantitatively the mass transfer and sorption mechanisms
occurring in porous adsorbent particles and monoliths packed
Columns,3 132 and more recently, to model the mass transport
and chemical reaction in packed bed reactors for the isomeri-
zation of glucose considering the deactivation of immobi-
lized glucose isomerase and how the behavior at particle
level influences the macroscopic performance of the reac-
tor,>*> and to study the scaling effects of geochemical reac-
tions when adjusting the results obtained at bench laboratory
to real porous media.® Also available in the open literature
are models, such as the PHREEC model,>’ implemented
in simulation software. However, this model is somewhat
difficult to use and it is based on data that can be hard or
even impossible to obtain, such as the parameters for statisti-
cal models that describe the local structure of the porous
media.

Research on mixing in stirred vessel reactors conducted to
the development of the networks-of-zones model, based on a
network of perfectly mixed interconnected zones. Its applica-
tion includes: description of mixing in fixed beds of
spheres38 and fixed bed reactors, tracer dispersion and mix-
ing in stirred reactors,***! and gas dispersion in stirred gas—
liquid reactors.*> Recent works have further adopted the net-
works-of-zones model as a basis to study gas—liquid bioreac-
tors,* multiple-impeller operation,** and to predict the semi-
batch selectivity in products for multiple reactions.****®

The analysis of the literature shows that only through a
detailed description of the transport phenomena at the micro-
scopic level (e.g., at least at the particle scale) it is possible to
obtain an adequate description of the observed macroscopic
behavior of a static mixer and a porous medium. In recent
years, there is an increased interest for structured process in
which it is possible to control the relevant transport processes,
leading to significant improvements over traditional process in
many cases.*’ So, the study of transport phenomena in porous
media and static mixers is very relevant from an economical,
and in more recent years, from a environmental point of view,
because it makes it possible to improve the material and
energy efficiency of existing or new processes, or even of new
one. A promising approach involves the development of new
modeling and simulation tools, based on the description of the
relevant characteristics of the structural characteristics at the
local level, and the significant physical phenomena, and how it
affects the macroscopic behavior.

NETmix® is a new kind of static mixer*® whose genesis is
a network model of chambers and channels developed ini-
tially to describe and simulate laminar and turbulent flows®?
and transport phenomena®® in porous media. This model was
then extended using a network-of-zones to simulate chemical
reaction and characterize macro and micromixing. The
model, referred as the NETmix® model, is described and
studied in this work. The exceptional mixing qualities of this
type of structure led to development of a static mixer pro-
tected by an international patent application.™
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The predictions of the NETmix® model have been com-
pared with experimental data obtained in a specially
designed two dimensional experimental unit.*®

Model Description

In the NETmix® model, a network structure determines
the overall flow patterns and thus the distribution of resi-
dence times as a probe to the characterization of macromix-
ing. Here the network structure is described as well as the
methodology for determining the hydrodynamics inside the
generated network. A chemical reaction simulator used for
micromixing characterization based on a network-of-zones
model simulator is described next.

Network structure

The NETmix® model consists of a network structure that
combines in a structured manner two different types of ele-
ments—chambers and channels—organized in a 2D (bidi-
mensional) network. This is a realistic form of representing
the local structure of a real porous medium, in particular
packed beds, that can seen qualitatively as larger voids,
described as spheres and characterized by their diameter,
interconnected by smaller voids, depicted as cylinders, and
describe by their diameter and length. The process of gener-
ating the 2D network is described in detail in Martins et al.
(2007).%* Here a short description is presented for the sake
of completeness.

The network is generated by the repetition of a unit cell,
shown in Figure la. The direction of the flow is assumed to
follow the x-axis. Thus, the channels normal to the x-axis
are denoted horizontal channels (HC), while the remaining
channels, forming an angle ¢ with the x-axis, are denoted
oblique channels (OC). Each chamber is modeled as a sphere
with diameter D; and each channel is modeled as a cylinder
with diameter d; and length /,.

Unit cells are repeated and connected through both the
horizontal and the oblique channels by fixing the distance
between the centers of obliquely interconnected chambers,
L°, as shown in Figure 1b. The network size is specified by
the number of unit cells in the x and y directions, that is, the
number of rows and columns, 7, and n,, respectively. Add-
ing exit channels to the last row of chambers completes the
two-dimensional network generation (see Figure 1b).

The model includes the possibility of generating various
types of networks. The network coordination number (num-
ber of channels connected to each chamber) can be varied
by generating networks with horizontal channels (HC), Fig-
ures 2ab, or without horizontal channels, Figures 2c.d,
resulting in coordination numbers of 6 and 4, respectively. It
is also possible to simulate two different types of boundary
conditions: periodic and nonperiodic. Periodic boundary con-
ditions (PBC) are simulated by connecting the boundary
channels to the respective chambers on the network opposite,
Figures 2a,c, and the network can be considered as a small
fraction of an infinitely large medium. A finite medium is
simulated using nonperiodic boundary conditions (NPBC) by
removing the boundary channels on both sides of the net-
work as shown in Figures 2b,d.
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(a)

exit channels

(b)

Figure 1. (a) Network unit cell; (b) two unit cells connected, showing the additional exit channels.

The model further includes the possibility of generating
regular networks where both the channel and chamber diam-
eters are constant (Figures 2a through d), or random-sized
networks, where both the channel and chamber diameters
vary randomly (Figure 2e).

With respect to the network structure the model further-
more includes the additional possibility of removing cham-
bers and or channels in a random or specified manner, and
thus encompassing the adjustment to different specific situa-
tions, namely to obtain networks with specified average
coordination numbers (Figure 2f).

For the network structure to be macroscopically defined,
the parameters 7, and n,, the dimension L° and the angle ¢
must be defined. The local structure is then assessed by
selecting the type of boundary conditions (PBC or NPBC)
and the presence or not of HC, and setting the average
dimensions of the two types of elements and the respective
size distributions (regular or random sized).

Regular networks are generated by assigning to all chan-
nels and chambers uniform diameter values, d and D, respec-
tively. Random-sized networks are generated by randomly
assigning the channels and chambers diameters, d; and D;,
values following prespecified size distributions. In both
cases, regular or random-sized networks, it is also imposed
that the diameter of any chamber is larger than the diameter
of the channels associated with it.

Hydrodynamics

The hydrodynamic model purpose is the simulation of
single-phase flow in laminar regime in order to obtain the
pressure field and the flow map inside the network. The
following assumptions were considered:

® incompressible, isothermal, and steady state flow;

e perfectly mixed chambers, with no flow resistance at the
interface between chamber and channel;

® piston flow in the channels;

® negligible gravitational effects;

® negligible pressure drop resulting from the sudden con-
traction and expansion of flow area in the channels and
chambers intersections.**
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According to the results of the Martins et al. (2007),%? this
last assumption is strictly valid for low Reynolds number,
corresponding to conditions of creeping flow. Although some
differences were observed between the flow fields for linear
and nonlinear flow regimes, these differences are small and
are not expected to change significantly the behavior of the
NETmix® model and the nature of the mechanisms that con-
trol macro and micromixing.

Further, it is assumed that the n, network inlet chambers
are connected through the inlet channels to a reservoir of
fluid at pressure P, whereas the n, network outlet chambers
are connected through the outlet channels to a sink of pres-
sure P, (for simplicity P, = 0). The imposed pressure differ-
ence is then

Apr =P — Py (D

The flow hydrodynamics is simulated using an analogy to
a pure resistive electrical circuit, where the flow rate through
the channels, ¢;, and the pressure inside the chambers, p;,
correspond to the current across the resistance branches i
and to the voltage in the nodes j, respectively.18 The mass
conservation equation for the network chamber j is given by

> a4 =0 2)
k

where ¢, is the flow rate in each channel i; connected to
chamber j. From Ohm’s law, the pressure drop across a
channel i is

Ap; = pj, —pj, = Rigi 3)

where R; is the hydraulic resistance associated with channel 7, ¢;
is the flow rate through channel /, and p; and p; are the pressures
of the two chambers, j,, and j,, connected to channel, i.

Because in this work pressure drop calculations take only
into account the frictional effects on the channels walls, the
hydraulic resistance is given by

o 128 ul;
T ndf

“
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Figure 2. Examples of different types of n, = 5 and n, = 4 networks: (a) Regular network, PBC, with HC; (b) Regu-
lar network, NPBC, with HC; (c) Regular network, PBC, without HC; (d) Regular network, NPBC, without
HC; (e) Random-sized, PBC, without HC; (f) Regular, PBC, HC, with channels removal.

where u is the fluid viscosity, and /; and d; are the length and number of seven nonzero entries per row that was solved using
diameter of channel i, respectively. an appropriate solver (NAG™ routine FO4MCF).

To obtain the pressure and flow fields, given respectively by
the values of p; and g;, the mass conservation and the momen-
tum equations must be written for all chambers and channels,
resulting in a system of linear equations.'®*? This leads to a From a global point of view, an important insight on the
sparse symmetric positive definite matrix, having a maximum network hydrodynamics may be gained by analyzing the

Residence time distribution
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(a)

Figure 3. Chemical reaction model: (a) network branch; (b) analogy with a cascade of continuous-flow reactors.

Residence Time Distribution (RTD) function, E(f). In this
work, the RTD concerns the age distribution of the fluid ele-
ments that are in the effluent stream and is a characteristic
of the mixing occurring within the network (macromixing),
neglecting, however, detailed information on different mix-
ing levels (micromixing). Even though not all RTDs are
unique to a particular network, and markedly different net-
work geometries can display similar RTDs, the RTD exhib-
ited by a network provides important information for the
characterization of the network.

In the NETmix® model, mixing between different streams
occurs only in the chambers, thus defining two distinct
zones: a perfectly mixed volume associated to the chambers
and a segregated volume associated to the channels. A mea-
sure of the importance of each zone is given by the segrega-
tion parameter,

o= Vchannels (5)

Vnelwork

defined as the ratio between the volume associated to the
channels, V. pannels» and the total network volume, Vi eiwork-

Regular Networks with PBC. For the particular case of
regular networks with PBC, an analytic solution for the dimen-
sionless RTD function can be derived. Assuming that the total
volumetric flow rate in the network, g, is constant and equally
divided between all inlet channels, the hydrodynamics of a
regular network with PBC is analogue to an alternate sequence
of n, piston flow channels and perfectly mixed chambers fin-
ishing with one piston flow channel at the exit. The respective
dimensionless RTD function, E(0), is given by51

e ”x(@-d) el )
(1706)(}@—1)!( 1—o ) e TS H(0 - 5) (6)

where 0 = t/t is the dimensionless residence time, t =
Viaetwork/gT 18 the mean residence time, and H(¢) is the
Heaviside function.

Thus, for the particular case of regular networks with PBC,
the network RTD function may be directly estimated using the
network geometric parameters and the volumetric flow rate.

E(0) =
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(b)

On the other hand, for other network types, regular or ran-
dom-sized, analytic solutions for the RTD functions cannot
be obtained. Nevertheless, for the case of regular networks
with NPBC and high 7, values, Eq. 6 is a good approxima-
tion of the exact RTD function.

Chemical reaction

The NETmix® model uses a networks-of-zones model for-
mulation based on the mixing behavior of two different ideal
continuous-flow reactors, each associated to one type of net-
work elements:

® channels behave as plug-flow reactors (PFR), zones of
total segregation;

e chambers behave as perfectly mixed continuous stirred
tank reactors (CSTR), zones of complete mixing.

A representation of the analogy between the network
model and the equivalent CSTR and PFR series is shown in
Figure 3.

Combining the network flow field results with the well-
known conservation equations for each CSTR and PFR, a
chemical reaction model, coupling macromixing and micro-
mixing can be implemented. Three reaction schemes, described
next, were studied in this work: a first order, second order, and
a consecutive and competitive second-order reaction.

Case studies

First Order Reaction. Consider a network branch, shown
in Figure 3a, and the schematic representation of its ana-
logue cascade of continuous-flow reactors, shown in Figure
3b, and assume that the fluid in channel i flows towards

chamber j,. For a first-order reaction, A LN B, with rate law
given by —ra = k1Ca, where k; is the reaction rate constant
and C, is the concentration of reactant A; from the reactant
molar balance in a CSTR, it results

> [(1 _If:fli)qici\jm} —kiV},Ca;,
Cajy —— =0 (D
Y > (1,491)

4
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where ¢; is the flow rate in channel i, V; is the volume of
chamber j,, and [;; , indicating the flow direction, it is set to 0
if the stream in channel 7 is an inlet stream to chamber j,,, and it
is set to 1 otherwise. C’ A is the concentration at the exit of
channel i, entering chamber Jn» and it can be obtained from the
reactant molar balance in a PFR,
i *kli‘:

Ajm — e CAjm (8)
where C,; is the concentration in chamber jn,, and V; is the
volume of channel i.

Combining Eqs. 7 and 8 for all chambers and channels,
results in a linear system of 7Z¢pampers €quations to be solved
for the concentration of reactant A in each network chamber.

Second order Reaction. For a second-order reaction,

A+ B N R, with rate law given by —ry = k,CACpg, Where
k, is reaction rate constant, the concentration of reactants A
and B in chamber j,, C,;, and Cg;, respectively, can be
obtained by

Z {(1 - Ii.jn)qicis,jm} — kaV; Caj,Cj,
Caj — —0 (9
A Z (Ii.jnqi>

1

zi: [(1 *IiJn)CIiCiBjm} - ZI: [(1 *[ijn)QiCixjm}
_ S (g =0 (10)

i

where C’ and C are the concentrations at the outlet of
channel z entermg chamber Jn, and they are related to the
concentrations in chamber j,, C,; , and Cg; , by

. o )
i Ajm -

= if  Caj,=Cg
Ajm 1 kz‘ L Ajm =~ Bjm
CA/m(CBIm Caim), ‘Zq‘(CB/m Cajm)

— CBjm

i i . .
Ajm 1 2 Cjy~Cjy) it Caja v Csj,
i
(1)
and
i i
Chj,, = Cojn — (CA/m - CAfm) (12)
Combining Egs. 9-12 for all chambers and channels,
results in a nonlinear system of 27cpampers €quations to be
solved for the concentrations of reactants A and B.
Consecutive Competitive Second-Order Reactions. For
the case of the consecutive competitive second-order reac-
tions,

A+B MR { —ra = kiCaCg (13)

B4R 2§ rs = kaCpCr

where k; and k, are the corresponding reaction rate constants.
The concentrations of reactants A and B, Cy; and Cg;, and of
the intermediate product R in chamber j,, Cg;, can be
calculated from
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5 [(1=1i)aCh,, ] = k1ViCaiCa
Caj, —— =0 (14
Y E (liJnf]i)

4

> [(1 - IiJn)‘IiCié_f,.l} — k1V;,Ca;,Crj, — k2V,Cs;, Cr;,

Cj, — -
Bj, Z (Iljnql)

1

=0 (15)

> [(1 —Iin\)QiCiijm} + k1V},Caj,Cj, — k2Vj,C;, Cr;,

C L 1
R > (li,4:)

1

=0 (16)

where C i i; , and C are the concentrations at the outlet
of channel i entermg chamber Jn-

In this case, the molar conservation equations for the net-
work channel i do not present an analytic solution, and thus
Cg s Cis , and C’ are obtained by solving for V = V; the
respectlve set of ﬁrst order nonlinear of ordinary differential
equations (ODEs).

A
i—— + kiCaCg =0 17
q v + k1CaCB a7
dC
q:‘TVB+k1CACB + kCgCr =0 (18)
dC,
q,-d—VR — kiCACp + kyCpCr = 0 (19)

with boundary conditions C5(0) = Cg; , C(0) = CBﬂ“, and
Cr(0) = Cgj , where Cy; , Cg; , and Cyg;_ are the concentra-
tions in chamber j,.

Solving the system of ODEs given by Egs. 17-19, and
replacing in Eqs. 14-16 for all network chambers and chan-
nels results in a nonlinear system of 37¢pampers €quations, to
be solved for the concentrations of reactants A, B, and R in

each network chamber.

Numerical implementation

The chemical reaction model was implemented in a soft-
ware package written in Fortran 90 and compiled with
Absoft™ Pro Fortran for Mac™ OS X v8.0. It has a sequen-
tial structure, as the chemical reaction simulation is based on
data obtained from the network construction and the hydrody-
namic models. Different numerical strategies must be consid-
ered depending on the reaction scheme. Figure 4 shows a dia-
gram of the chemical reaction simulator and its relationship
with the network generator and flow simulator.

For a first order reaction, for a given constant volumetric
flow rate, gr, the required input parameters to define the
problem are just the reaction rate constant, k;, and the feed-
ing concentration distribution of reactant A, that is, its con-
centration at each inlet channel.

The resulting Zchambers linear equation system may be for-
mulated as a band system of linear equations, and solved

DOI 10.1002/aic 2231
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Figure 4. Fluxogram of the chemical reaction model
simulator.

using an appropriate solver (NAG™ routine FO7BEF, pre-
ceded by a call of NAG™ routine FO7BDF to compute the
LU factorization of the coefficient matrix).

In the case of a second-order reaction, additional degrees
of freedom are introduced. Besides the volumetric flow rate,
qT, the reaction rate constant, k,, and the feeding concentra-
tion distributions of both A and B, it is further required to
set independently the inlet channels associated to each reac-
tant, that is, the reactants injection scheme. The resulting
2hchambers  NONlinear equation system was solved using
IMSL™ routine DNEQNF, based on the MINPACK subrou-
tine HYBRDI, which uses a modified Powell hybrid algo-
rithm. The stopping criterion for the solution to be accepted
was set for a relative error between two successive approxi-
mations less than 10°.

For consecutive competitive second-order reactions,
besides the two reaction rate constants, k; and k,, the
required input parameters are similar to those for a second-
order reaction. The 37¢,ampers NONlinear equation system was
also solved using IMSL™ routine DNEQNF. The system of
first-order nonlinear ODEs was solved using IMSL™ routine
DIVPAG, which solves an initial-value problem for ordinary
differential equations using Gear’s BDF method, appropriate
for solving stiff ODE problems.

All simulations were performed on a Apple PowerMac. In
terms of computation time, for the networks considered in
this work, the network generation and the calculation of the
flow field took on average 15 and 30 min, respectively.
The determination of the concentration profiles depends on
the chemical reaction scheme considered. For first-order, sec-
ond-order, and consecutive competitive second-order reaction
schemes, the average computation times were of the order of
15, 30, and 240 min, respectively, with small variations
depending on the characteristics of the network, in particular
its elements size distribution.

Simulations and Results

The NETmix® model is capable of describing various
mixing states, by considering appropriate network input pa-
rameters and network types. All simulations were performed
for regular networks with PBC and without HC. However,
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the purpose of this work is not to present a parametric sys-
tematic study of the effect of the model parameters on the
model predictions, but to show that the model is capable of
coupling micromixing with macromixing and simultaneously
retain the distinction between both. Other parameters may be
calculated based on the NETmix model, such as the longitu-
dinal and transverse dispersion coefficients. The first parame-
ter can be estimated from the dimensionless RTD functions
obtained by the model and matching the second statistical
moment of the response with the predictions of the disper-
sion model.* The transverse diffusion coefficient can be esti-
mated comparing the concentration profiles predicted by the
NETmix model and the dispersion model for a point pertur-
bation.>

Macromixing

Macromixing is determined from the reactor hydrodynam-
ics and is commonly assessed from the RTD. For regular
networks, the theoretical RTD function given by Eq. 6,
depends directly on just two parameters, the number of
rows, n,, and the segregation parameter, o, which were stud-
ied separately.

Plots of the RTD functions for regular networks with n, =
10 and n, = 50, respectively, and segregation parameter val-
ues ranging from o = 0.010 to o = 0.750 are shown in Fig-
ures S5a,b. For a fixed number of rows, the behavior of the
system approaches that of the PFR as the segregation param-
eter tends to unity. Such result is easily understood recalling
that as the chambers volume is reduced, the network struc-
ture tends to a battery of plug-flow reactors in series, equiva-
lent to a single plug-flow reactor with the same mean resi-
dence time.

Figures 5c,d, show plots of the RTD functions for regular
networks for o = 0.100 and « = 0.500, respectively, and
number of rows ranging from n, = 5 to n, = 100. For a
given segregation parameter, as the number of rows
increases the system approaches a PFR, as expected from
the network structure similarity with the tanks-in-series
model (TISM).* Simulations have further shown to exist no
significant changes on E(0) for values of « lower than 0.010.

Figure 6 compares the RTD functions for four networks
with different values of n, and « listed in Table 1, showing
that similar RTDs can be obtained for different network geo-
metries.

A common method of characterizing the RTD in flow sys-
tems is by comparing the moments of each distribution,
instead of comparing the whole distribution.>® The first three
moments are usually sufficient for a reasonable characteriza-
tion of a RTD, although rigorously all moments would need
to be compared.

The first moment is the dimensionless mean residence
time, defined as

oo

O — / E(0)d0 20)
0

and using the regular network E(0) (Eq. 6), it can be shown
that 0,, = 1. The second centered moment is taken about the
mean and is denoted as the variance. The magnitude of the
variance represents the square of the distribution spread and
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Figure 5. RTDs for regular networks for: (a) n, = 10; (b) n, = 50; (c) « = 0.010; (d) « = 0.500.
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Figure 6. Comparison of RTDs for different networks.

the greater the value of this moment, the greater the spread of
the RTD. For a regular network, an analytical expression can
also be obtained.

(1-o’

Ny

21

This result shows that it is possible to design regular net-
works having different values of n, and o, with matching
first and second moments.

The third centered moment is also taken about the mean
and is related to the RTD skewness.

3

EN

= o2
0

(1= 1/0)E(0)d0 (22)

The magnitude of this moment measures the extent to
which the distribution is skewed in one direction or another
in reference to the mean. No analytical solution was
obtained for s° and a numerical quadrature was used to ap-
proximate the integral in Eq. 22.

The four networks listed in Table 1 all have the same var-
1ance o”, but different values of s°. Although it is clear that
5% increases as the difference between RTD’s increases, it is
not possible to quantify how similar they really are only
based on these values.

the yield of first-order reactions regardless of micromixing

effects.” For a first-order reaction, the yield is defined by
Cin — gt

Xa = (23)

CR
where C and C} <Xt are the average network inlet and exit outlet
concentrations of reactant A. The extent of micromixing does
not affect the rate of change of yield and so the RTD is sufficient
to calculate the yield in any type of reactor. In this way, two
different regular networks may be assumed to have similar
macromixing if both RTD functions have similar first and
second moments and both networks lead to similar yields for a
first-order reaction under the same reaction conditions. Using
the segregation model,”* the mean reaction yield is given by

o0

Xa = / Xa(OE()dt

0

(24)

where XA(f) = 1—e " is the batch reactor yield.

For a regular network, assuming a uniform concentration
of reactant A at all inlet channels, it can be shown that

e—ocDa

AErED

(71)’1,\*]671Da

Xya=1-

Another methodology used for the characterization of * (k ( u) (c+ 1)) (ny — 1)! ['(ny, —aDa) (25)

RTDs is based on the deterministic role of macromixing in N * '
Table 1. Parameter List and Macromixing Result Data for Different Regular Networks
n, « Om 7 5’ Xa (%) AE,; (%)

Network 1 20 0.010 1 4.900 x 107> 4.85 x 10°° 62.33 0.00

Network 2 10 0.300 1 4.900 x 1072 6.86 x 1072 62.34 4.98

Network 3 5 0.505 1 4.900 x 107> 9.70 x 107° 62.36 125

Network 4 2 0.687 1 4.901 x 1072 1.53 x 1072 62.39 30.2
2234 DOI 10.1002/aic Published on behalf of the AIChE September 2009 Vol. 55, No. 9 AIChE Journal



where ['(k,x) is the incomplete gamma function and Da = k7
is the Damkohler number. For large 7, values, it can be shown
that the mean yield reduces to

X = p(Da(l ; “) + 1))_ b (26)

Yield values for Da = 1 are listed in Table 1 for the four
regular networks, showing that although a slight increase in
yield is observed as the difference in RTDs increases, again
these results do not allow quantifying these differences.

To quantify the differences in the RTD functions another
methodology is here presented. Assuming that the first and
second moments of two RTD functions, E;(0) and E;(0), are
equal, an heuristic evaluation criteria may be obtained by
overlapping both curves and determining the area of the non-
intersecting regions (shaded regions in Figure 6) as

[E,(0) — E/(0)[d0

AE,-J- = = 27)
J E(0)d0

0

The nonintersecting areas for the four RTD functions rela-
tive to network 1, AE,j, are listed in Table 1. Contrary to
the previous criteria, the heuristic evaluation criterion of
Eq. 27 shows responsiveness and correlation with the degree
of resemblance between the different RTDs. Thus it seems
acceptable to assume that two networks with the same AE;;
have similar RTDs, that is, similar macromixing behavior.

Micromixing and chemical reaction

Micromixing is here directly assessed from chemical reac-
tion simulations with a twofold importance. First, with the
purpose of validating the NETmix® model numerical imple-
mentation, using first-order and second-order reactions, are
compared in the next two subsections, with case studies for
which chemical reaction results are known from previous
relevant works. Second, the validated NETmix® model is
used to study the effect of the network input parameters on
the reaction selectivity of consecutive-competitive second-
order reactions.

First Order Reaction. For a first-order reaction, micro-
mixing has no effect on the reactor performance. Therefore,
the yield is predicted exactly by the segregation model and
knowledge of the degree of micromixing is not required.
This well known result is next used to query the numerical
implementation.

Two particular regular networks based on the networks 1
and 2 of Table 1 were constructed with the required input
parameters listed in Table 2. These parameters were obtained
imposing that the network volumes do not differ more 0.5%.
Simulations were carried out for a first-order reaction with
reaction rate constant k; = 1.0 s7!, for Da = 1 and with a
constant feed concentration distribution of reactant A equal
to CP'* = 1.0 mol m .

The yield values obtained with the chemical reaction sim-
ulator exactly matched the results obtained with the segrega-
tion model listed in Table 1, thus validating the NETmix®
model simulations.
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Table 2. Input Parameters for Networks 1 and 2

Network 1 Network 2
ny 20 10
ny 16 173
d (mm) 1.500 1.500
D (mm) 9.064 4.617
L° (mm) 10.00 10.00
¢ 45° 45°
Vacowork (€m”) 126.0 126.3

Second Order Reaction. For reactions with order differ-
ent than unity in the case where the reactants are premixed
at the inlet, micromixing affects the yield: it decreases for
orders greater than one and it increases for orders less than
one.”® This assertion is next compared with the simulations
using the NETmix® model.

Using a second-order reaction scheme, the mean reaction
yields for networks 1 and 2 were computed, considering
equimolar inlet concentrations of reactants A and B and a
reaction rate constant of k&, = 1.0 m®> mol™' s™'. For com-
parison purposes, both simulations were performed for Da =
kot Cx‘le‘ = 1, with an initial concentration of reactant A of
Cg‘le‘ = 1.0 mol m and premixed injection scheme, with
reactants A and B injected in every other feeding channel,
maximizing the reactants feed distribution.

The mean reaction yields computed for networks 1 and 2
were 49.16% and 48.46%, respectively.

Even though the difference in the yields is small for the
parameter values selected, the point to be emphasized is that
there is a difference. Because micromixing decreases the
yield for reaction orders greater than one, it can be directly
inferred from these simulations that network 2 presents a
higher degree of micromixing, that is, a higher effectiveness
of mixing, than network 1.

This result constitutes evidence that the number of rows
and the segregation parameter are not just macromixing pa-
rameters, but also micromixing parameters. Network 2 has a
segregation parameter 30 times higher than network 1 (see
Table 1), which contributes to a lower effectiveness of mix-
ing, that is, higher mean reaction yield. On the other hand,
network 2 has half the number of rows of network 1, con-
tributing decisively in the opposite way, that is, to a higher
effectiveness of mixing of network 2 and thus to a lower
mean reaction yield. The overall degree of micromixing
results thus from the simultaneous contribution of the num-
ber of rows and the segregation parameter. Both parameters
work in the same manner, increasing micromixing as their
values decrease. Furthermore, the agreement of the simula-
tion results with theory highlights the good numerical imple-
mentation of the NETmix® model.

In the previous simulations, no relevance was given to the
reactants injection scheme. Because mixing is akin to the
spatial rearrangement of entities, different reactants injection
schemes were used here, corresponding each to a different
initial state of effectiveness of mixing.

Danckwerts®’ has shown, for second-order reactions, that
if the purpose of mixing two reactants A and B is to enable
them to react with one another, the highest rate of reaction
is achieved when the inverse of the effectiveness of mixing
is zero, that is, for the maximum mixedness condition. The
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Table 3. List of Parameters for Each Segregated
Injection Scheme

Ci/{‘ (mol m73) Cg‘ (mol m73) Nyones My es
Case la 2.000 2.000 2 1
Case 1b 2.000 2.000 4 2
Case lc 2.000 2.000 8 4
Case 1d 2.000 2.000 16 8
Case 2a 1.143 8.000 3 1
Case 2b 1.333 4.000 5 2
Case 2¢ 1.333 4.000 7 3
Case 2d 1.600 2.667 11 5

agreement of the NETmix® model with this relevant result is
next presented.

Using a second-order reaction, the mean reaction yield in
network 1 was computed for different reactants injection
schemes, corresponding each to a different degree of mixing
in the reactants feed distribution, segregated injection
schemes. All simulations were performed with k» = 1.0 m’
mol~' s " and Da = 1.

Table 3 lists the inlet concentrations of reactants A and B,
according to each segregated injection scheme, as well as, a
column with the number of injection zones, 7,4, and a col-
umn with the number reactant B injection zones, n8 .. Two
different cases, denoted as Case 1 and Case 2, represented in
Figure 7, were studied:

e In Case 1, the network inlet chambers are divided in a
given even number of injection zones, 1,qnes, and reactants

B BR FEB BB BE BB BE BE B

A AA AA AA AA AA AA

=

AA A

¥OEY OFF EF OFF OFET FF FF TR FE FY TE OFT PY OFTY VY O¥

Case la
B BB BB BR B B BE BB BB B

A AA AA AA A A AA AA AA A

¥ O¥Y YY O¥Y OYF OF¥T OFE NE FYT OYFT KV FF OFE OFYE EE WY W

Case 1b
B BB B B BR B B BR B B BR B

A AA A A AA A

¥ OFY FY FY OFY FT FF OFF ¥R Y FY PP OFF OTY OFYE FE N

Case lc
B AR B R B R BB B B B B B EB B R

A A A A A A A A A A A A A A A A

¥oEE ¥Y OFY OFF T NN ONE T AT FE FF FE Y NE wWE W

Cdbc |d ISESNeE
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A and B are injected at the inlet channels of every other
injection zone. Each injection zone comprises an equal num-
ber of inlet chambers and the number of injection zones
where reactant B is injected is referred as number of reactant
B injection zones, n2 .

e In Case 2, reactant B is injected through the inlet chan-
nels of one or more separate reactant B injection zones,
equally spaced, and reactant A is injected on the remaining
injection zones. Each reactant B injection zone comprises a
maximum of one or two inlet chambers. For each reactants
injection scheme, the reactants concentrations, i/g‘ and g‘,
are adjusted to ensure the same average inlet concentrations
of reactants A and B.

Figure 8 shows examples of the computed concentration
field maps of reactant B and product R. The effect of the
number of reactant B injection zones on the mean reaction
yield, X4, is shown in Figure 9, where the dashed curves
represent the CSTR and the PFR limits using the premixed
injection scheme. As expected, the average reaction yield
increases with the increase in the number of reactant B
injection zones, that is, as the initial state of effectiveness of
mixing in the reactants is increased.

From Figure 9, it is also clear that, for low number of
reactant B injection zones, Case 2 presents a more effective
behavior in terms of the average reaction yield.

For a given number of reactant B injection zones there
are, in both cases, 211]2ones contact fronts between A and B,
but the reactants concentration gradients on these contact
fronts is higher in Case 2 (Figure 8). This is the reason why

B BR B

A AA AA AA AA AA AA A A AA AA AA AA AA AA A

¥ OFY YT FY OYY FY OYE FY FY YF ¥V FF FY FTY KN TN

Case 2a
B BB B B BB B

A AA AA A4 A A AA AA AA A A AA AA A4 A

T YF TE FT FE OFT T FY TY FY VY PV FT OEY OFY TR ¥

.Ca.se Zb .

B8 B B BE B BB

¥ OFY O¥YY FTYT OTE EY YY OEF ¥E FTY XY FH FY P FYN YN ¥

Case 2¢
B BR B B B B B

A AA A A A A AA A A AA A A A A AA A

Case 2d
Figure 7. Representation of the different segregated injection schemes.
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Figure 8. Concentration field maps of reactant B and product R in network 1 for various segregation injection

schemes.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Case 2 presents higher values of X, for nP

sones < 2. However
for nB . > 2, Case 1 presents higher values of X,, which
may be due to better mixing between reactants. Both cases
tend to the maximum limiting yield of 49.2%, which occurs
for the premixed injection scheme, between the mean reac-
tion yield of 38.2% for a CSTR and of 50.0%.

Consecutive Competitive Second-Order Reaction. The
results for a second-order have shown that the reactants
injection scheme strongly affects the average reaction yield,
and therefore, it may be used as probe to study micromixing.

AIChE Journal September 2009 Vol. 55, No. 9
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Three parameters have been clearly identified to be related
with micromixing: the number of rows, the segregation pa-
rameter, and the reactants injection scheme. The effect of all
three parameters on micromixing is here further explored
using the consecutive competitive second-order reactions
scheme described by Eq. 13.

Multiple reactions offer a way to evaluate the predictions
of models which aim to describe interactions between mix-
ing and chemical reaction.”® In the present reaction scheme,
the selectivity in either product, R or S can be used to

DOI 10.1002/aic 2237
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Figure 9. Average reaction yield vs. the number of
reactant B injection zones.

express the product distribution. In this work, the resulting
product distribution is expressed by the fraction of B present
in S, that is, the selectivity in S, defined as®

2C§xil

= Ceint + 2ces:xit (28)

Xs

where Cf{‘“ and Cg"" are the average network exit concentra-
tion of products R and S, respectively.

Figure 10 shows the selectivity in S as a function of the
Damkohler number, Da = k;t CI?, for various regular net-
works with different values of n, and o. All simulations
results were obtained for k; = 12,500 m® mol™' s™! and &,
= 1000 m® mol ' 57, using the premixed injection scheme,
with reactants A and B injected at every other feeding chan-
nels, and considering equimolar initial concentrations of

0.50
n =10
1 o
]l ©0.015
00377 .
{ A0755

100 1000

0.1 1 10

Da
(a)

reactants A and B, with an inlet concentration of reactant A
of C'! = 1.0 mol/m >

Because equimolar initial concentrations of reactants A
and B are used, B becomes the limiting reactant, and thus
the product distribution provides an assessment for micro-
mixing. The dashed curves in these figures represent the lim-
its for the CSTR and the PFR, obtained by classical kinetic
methods.””

Figure 10 clearly shows that the segregation parameter has
a strong impact on the selectivity in S, but Xg is always con-
tained between the CSTR and the PFR limits. As the segrega-
tion parameter increases, Xg approaches the PFR curve, inde-
pendently of the number of rows considered. This result is
more noticeable in the lower range of Damkohler numbers,
showing that for higher Da values increasingly smaller parts
of the network are effectively used for reaction, up to the limit
where reaction occurs only in the network inlet chambers, and
thus all curves tend to overlap with the CSTR limit.

More, when comparing Figures 10a,b, for the same Dam-
kohler number and similar segregation parameter, different
selectivities in S are observed. These observations constitute
further and final evidence of the impact of the number of
rows and the segregation parameter on both macromixing
and micromixing. However, contrary to the conclusions for
macromixing, direct inference of the effect of the number of
rows and the segregation parameter on micromixing is not
possible because the macromixing conditions were not kept
constant between the various simulated networks.

The above results and the results presented in the previous
section have shown that using the premixed injection
scheme, the CSTR limit for Xg cannot be reached.

Different segregated injection schemes, shown in Figure 11,
were simulated using the same values for the kinetic con-
stants and inlet concentrations as before. The curves of the
selectivity in S against the Damkohler number are shown in
Figure 12, where again the dashed curves represent the CSTR
and the PFR limits, whereas the full dots curve represents Xg
for the corresponding network using the premixed injection
scheme.

Figure 12 shows that the use of segregated injection
schemes, in general leads to higher Xg than the premixed

0.50
n =100
| = CSTR
| o 0.014 Lemmm - e
0 0357 ; o E o
{ & 0739 X{ﬁ//é;

0.00

0.1 l 10 1000

(b)

Figure 10. Selectivity in S vs. Da for different networks, using the premixed injection scheme.
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Figure 11. Segregated injection schemes used

injection scheme and also higher than CSTR limit. More, the
increase in the number of reactant B injection zones results
in a decrease in the selectivity in S, for the same Damkdohler
number. Figure 13 plots Xs vs. n5 . for a particular net-

work for Da = 1 and Da = 10, respectively, where once
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in the simulations shown in Figures 11 and 12.

more, the dashed curves represent the CSTR and the PFR
limits using the premixed injection scheme. These simulation
results are in agreement with the well-known observation
that the selectivity in S is, for similar consecutive competi-
tive second-order reactions, reduced by promoting good

1.00

Figure 12. Selectivity in S vs. Da using different segregated injection schemes.
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Figure 13. Plot of selectivity in S vs. the number of reactant B zones.

mixing between reactants A and B before significant reaction For further insight into the use of segregated injec-
occurs, that is, by increasing the initial state of effectiveness tions schemes, Figures 14 and 15 show the computed
of mixing of the reactants.””** concentration field maps of reactant A and products
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Figure 14. Concentration field maps of reactant A and products R and S for n, = 10, « = 0.015, Da = 1, and n . = 3.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 15. Concentration field maps of reactant A and products R and S for n, = 10, « = 0.015, Da = 1, and n .. = 5.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

R and S in a particular network for Da = 1 and nB
variable.

The fact that reactants A and B are separately injected
strongly affects products R and S distribution. Product R is
mainly formed on the contact fronts between reactants A
and B, with almost complete consumption of A. Conversely,
product S is mainly formed between contact fronts were
unreacted B promotes the consumption of R into S. The
increase in the number of reactant B injection zones flattens
the reactants concentration gradients, which causes reducing
the excess of B present after consumption of A and prevent-
ing the formation of product S.

The NETmix® model is thus capable of describing with
qualitative consistency the impact of the number of rows,
segregation parameter and reactants injection scheme, as
micromixing parameters, on the product distribution for con-
secutive competitive second-order reactions. Although differ-
ent results are expected if the NETmix® model is 3D instead
of 2D, from a qualitative point of view the results should be
similar, as the main mechanisms of macro and micromixing
are the same, and o is the relevant segregation parameter for
this system.
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Conclusions

Based on a network structure of unit cells, a new model
for mixing has been developed. The unit cell of the
NETmix® model consists of one chamber and three chan-
nels, modeled as a perfectly mixed continuous stirred tank
reactor and plug-flow reactors, respectively.

The NETmix® model is a simple, practical simulation
instrument, capable of straightforwardly be adjusted to spe-
cific situations, and it can serve as a basis for a diversity of
calculations, and especially it gives a plausible description of
chemical reaction under distinct macromixing and/or micro-
mixing conditions.

Analysis of simulated RTDs lead to the development of a
simple methodology to design regular networks having dif-
ferent design parameters but similar macromixing. The pa-
rameters identified to affect macromixing are: the number of
rows and the segregation parameter.

Chemical reaction simulations were performed for three
reaction schemes—first-order reaction, second-order reaction,
and consecutive competitive second-order reactions—with the
purpose of validating the model numerical implementation and
studying the yield and selectivity dependency on micromixing.
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For first-order reaction, the well-known result that the out-
put is independent of micromixing was verified. Simulations
for second-order reaction showed yield dependency on
micromixing for network structures with indistinguishable
yields for the first-order reaction, enabling the identification
as micromixing parameters the number of rows and the seg-
regation parameter. Second-order reaction simulations further
revealed the reactants injection scheme to be the third micro-
mixing related parameter.

Simulations for consecutive competitive second-order
reactions showed strong product distribution dependency on
the micromixing parameters. Under certain reactants injec-
tion schemes, the NETmix® structure leads to predicted se-
lectivity values above the values obtained in classical type
of reactors. The present model allows for a systematic inves-
tigation of macromixing and micromixing outcomes for dif-
ferent reaction schemes on different network structures, so
that qualitative results obtained a priori can be used to
design static mixers with a network structure with improved
effects on both the yield and selectivity of reaction.

These findings have been the subject of an international
patent application.so A prototype of the NETmix® static
mixer was designed constructed and used for implementation
of tracer and test reactions experiments for macro and micro-
mixing studies.*®
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