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Chemical Reaction Engineering Simulations

Simulations in chemical reaction engineering are used for different reasons during the
investigation and development of a reaction process or system.

In the initial stages, they are used to dissect and understand the process or system.
By setting up a model and studying the results from the simulations, engineers and
scientists achieve the understanding and intuition required for further innovation.

Once a process is well understood, modeling and simulations are used to optimize
and control the process’ variables and parameters. These ‘virtual’ experiments are
run to adapt the process to different operating conditions.

Another possible use for modeling is to simulate scenarios that may be difficult to
investigate experimentally. One such example of this is to improve safety, such as
when an uncontrolled release of chemicals occurs during an accident. Simulations are
used to develop precautions for preventing or containing the impact from these
hypothetical accidents.

In all these cases, modeling and simulations provide value for money by reducing the
need for large numbers of experiments or building prototypes, while, potentially,
granting alternate and better insights into a process or design.
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This paper describes a strategy for modeling and simulating chemical reaction

processes and systems and shown in this flowchart.
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Flowchart summarizing the strategy for modeling reacting systems ov designing chemical
reactors.

The strategy involves, firstly, investigating a reacting system that is either
space-independent, or where the space-dependency is very well defined.

A system where space-dependency is irrelevant is usually so well mixed that chemical
species concentrations are uniform throughout and are only a function of time—this
is often denoted as a perfectly-mixed reactor. A plug-flow reactor is a system where
the space dependency is very well defined.

Once the effects of space-dependency are removed or well accounted for, both
experimental and modeling investigations can concentrate on the reactions
themselves, and the rate laws that control them.
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The next step is to apply this information to the chemical reactors or systems that
are of interest. These, of course, vary in length, width and breadth, and are also
subject to a range of external parameters including inflows, outflows, cooling, heating,
and possible material loss. These are space (and time) dependent systems.

An important component in chemical reaction engineering is the definition of the
respective reaction rate laws, which result from informed assumptions or hypotheses
about the chemical reaction mechanisms. Ideally, a reaction mechanism and its
corresponding rate laws are found through conducting rigidly-controlled
experiments, where the influence of spatial and time variations are well known.
Sometimes such experiments are difficult to run, and a search through literature or
using the rate laws from similar reactions provides the first hypothesis.

Perfectly-mixed or ideal plug-flow reactors are the most effective reactor-types for
duplicating and modeling the exact conditions of a rigidly-controlled experimental
study. These virtual experiments are used to study the influence of various kinetic
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parameters and other conditions on the behavior of the reacting system. Then, using
parameter estimation, the reaction rate constants for the proposed reaction
mechanisms can be found by comparing experimental and simulated results.
Comparing these results to those from further experimental studies allows for
verification or further calibration of the proposed mechanism and its kinetic
parameters.

Modeling a reaction system in a well defined reactor environment also provides an
understanding of the influence of various, yet specific, operating conditions on the
process, such as temperature or pressure variations. The more knowledge that is
gained about a reacting system or process, the easier it is to model and simulate
more advanced descriptions of these systems and processes.

Global: Reaction rate (mol/(m~3*s))
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Reaction rate as o function of temperature as simulated in a perfectly-mixed reactor. The
different lines vepresent diffevent compositions of the reacting mixture.

Once a reacting process or system'’s mechanism and kinetic parameters are decided
and fine-tuned, they can then be used in more advanced studies of the system or
process in real-world environments. Such studies invariably require full descriptions
of the variations through both time and space to be considered, which, apart from
the reaction kinetics, includes material transport, heat transfer, and fluid flow.
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Depending on assumptions that can (or sometimes must) be made, these
descriptions are done in either | D, 2D, or 3D, where time-dependency can also be
considered if it is of importance.

Global: Selectivity parameter (1)

34— ' ' '
3.3

3.1

2.9

2.7 b

Selectivity parameter (1)

2.6 - B

2.5

24 - &

I I 1 I I 1 I I 13

1 L
05 0 05 1 15 2 25 3 35 4 45 x107®
Volume

Reaction selectivity alonyg the volume of & simulated 1D plug-flow reactor.

Chemical Reaction Engineering Simulations | 7



Once again, comparisons between simulation and results, from either the reactor or
system itself, or a prototype of them, should always be done if possible. Models that
involve material transport, heat transfer, and fluid flow often involve generic material
parameters that are taken from literature or from systems that may be slightly

different, and these may need to be calibrated to improve the accuracy of the model.

When its accuracy has been ascertained, then it becomes a model that can be used
to simulate the real-world chemical reactor or process under a variety of different
operating conditions. The understanding that results from these models, along with
the concrete results they provide, go towards developing or optimizing a chemical
reactor with greater precision, or controlling a system with more confidence.

The temperature isosurfuces throughout a monolith reactor used in a catalytic converter. The
surfiuce plot shows the concentration profile of one of the reactants.
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Below is an example of a catalytic converter that removes nitrogen oxide from a car
exhaust through the addition of ammonia. The example shows application of the

above described modeling strategy, and demonstrates through a series of simulations
how an understanding of this reactor and its system can be increased. To do this, it
uses a number of the features found in the Chemical Reaction Engineering Module.

The Chemical Reaction Engineering Module (the Module) is tailor-made for the
modeling of chemical systems primarily affected by chemical composition, reaction
kinetics, fluid flow, and temperature. These properties can depend upon or be
functions of space, time and the variables that describe them. The Module consists
of a number of interfaces for the modeling of chemical reaction kinetics, mass
transport in dilute, concentrated and electric potential-affected solutions, laminar
and porous media flows, and energy transport.

It also provides access to a variety of ready-made expressions in order to calculate a
system’s thermodynamic and transport properties.

This example illustrates the modeling of selective reduction of nitrogen oxide (NO)
by a monolithic reactor in the exhaust system of an automobile. Exhaust gases from
the engine pass through the channels of a monolithic reactor filled with a porous
catalyst and, by adding ammonia (NHj) to this stream, the NO can be selectively
removed through a reduction reaction.

Yet, NHs is also oxidized in a parallel reaction, and the rates of the two reactions are
affected by temperature as well as composition. This means that the amount of
added NH53 must exceed the expected amount of NO, while not being so excessive
as to release NHj5 to the atmosphere.
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The simulations are aimed at finding the optimal dosing of NHs, and investigating
some of the other operating parameters in order to gauge their effects.

Catalytic converters reduce the NOx levels in the exhaust gases emitted by combustion engines.

The example illustrates the modeling strategy described in the flowchart on page 4.
First, the selectivity aspects of the kinetics are studied by modeling initial reaction
rates as function of temperature and relative reactant amounts. Information from
these studies will point to the general conditions required to attain the desired
selectivity.

The reactor is then simplified and modeled as a non-isothermal plug flow reactor.
This reveals the necessary NH3 dosing levels based on the working conditions of the
catalytic converter and assumed flowrate of NO in the exhaust stream. A 3D model
of the catalytic converter is then set up and solved. This includes mass transport, heat
transfer and fluid flow and provides insight and information for optimizing the dosing
levels and other operational parameters.

Two parallel reactions occur in the V,0:/TiO, catalytic washcoat of the monolith
reactor. The desired reaction is the reduction of NO by NHs:

4NO + 4NHj3; + O, — 4N, + 6H,O
However, NHs can, in parallel, undergo its own oxidation reaction:

4NH3 + 302

2N, + 6H,0 (@)
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The heterogeneous catalytic conversion of NO to N, is described by an Eley-Rideal
mechanism. A key reaction step involves the reaction of NO in the gas phase with
NHs that is adsorbed of the surface of the catalyst. Ref. | suggests the following
reaction rate (mol/(m3-s)):

-k aCNH3
"1 = 1cNol+acNH3
where
E,
= Arespl )
g
and

a =24, exp(—%}
g

For Equation |, the reaction rate (mol/(m?*-s)) is given by
e = koCnms

where

ko = A, exp(—%}

The competing chemical reactions raises the issue of optimally dosing NH5 where

stoichiometry suggests a |:1 ratio of NH5 to NO as the lower limit. Yet, excessively
high levels of NHj5 leaving the catalytic converter should be avoided for reasons of
both material costs and the environment.

Analyzing the kinetics helps to identify the conditions favoring the desirable reduction
reaction while reducing the amount of NHj5 required to achieve this. Assuming the
conditions of a perfectly-mixed reactor, the reaction rates of the reduction and
oxidation reactions as a function of temperature and the relative amounts of each of
the reactants are investigated.

The concentration of NO in the exhaust gas entering the catalytic converter is
known to be 41.1 mmol/m> while operating at an average speed of an automobile.
The figure below shows the reaction rate of the NO reduction reaction as it is
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affected by the temperature and the amount of NH5 that has been added to the
exhaust stream. What can be seen from the figure is that the reaction rate peaks at
a temperature of around 700 K, depending on the amount of NHj5 that has been
added, and that the reaction rate is benefited by a higher NH3:NO ratio.

Higher concentrations of NH5 in the gas phase leads to increased levels of
surface-adsorbed NHj3, favoring the conversion of NO to N,. Yet, at higher
temperatures the NO reduction rate is decreased, which is explained by a faster
desorption of NHs from the catalyst surface, and its subsequent oxidation.

Global: Reaction rate (mol/(m~3*s))
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This figure gives no indication of the amount of NH5 that is being released to the
atmosphere, or the effects the NH3 oxidation reaction has on the system, such as
increasing the temperature and lowering the rate of NO reduction. The next figure
simulates both reaction rates as a function of temperature, and indicates that

| 2 | Example: Selective Reduction of Nitrogen Oxide in a Monolithic Reactor



operating the monolith reactor at 700 K is not at all optimal. In fact, the NH5
oxidation reaction takes over at about 660 K.

—— X0=1.4, modl.re.r_2
—— X0=1.4, modl.re.r_1

15

Reaction rate (mol/(m3*s))

500 550 600 650 700 750
Temperature (K)

Reaction rates of the two competing reactions over increasing temperatuve: NO veduction (blue
line) and NHs: oxidation (green line).

Selectivity is also a property that should be investigated at this stage and is given by

the ratio

-
§=-
Ty

A value greater than | means that the NO reduction is favored and, according to the
figure below, this is done in increasing measures at moderate temperatures and
relatively low ratios of NH5:NO. This information together with that provided by the
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previous figure, indicates that a more preferable operating temperature is
somewhere between 500 K and 550 K.

Global: Selectivity parameter (1)
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Selectivity parameter (v|/ry) as a function of temperature. The NH3:NO ratio ranges from 1
to 2.

As the kinetic parameters were taken from the literature, these results should ideally
be compared to an experiment simulating the same conditions. From here, these
parameters could be fine-tuned.

None of the above, spatially-independent analyses provide information about the
optimal dosing rate of NHs. To do this, a study must include spatial effects,
particularly with respect to changing reactant concentrations and system
temperature.

The catalytic converter consists of a series of long, but not particularly wide, channels
bounded by walls impervious to mass transfer, although not heat transfer. Assuming
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a constant velocity profile in the channel means that the system can be represented
by a nonisothermal, plug flow reactor.

L -
Que

Assuming steady-state, the mass balance equation for a plug flow reactor is given by:

dF; R,

av -
where F; is the species molar flow rate (mol/s), V represents the reactor volume
(m?), and is R; the species net reaction rate (mol/(m?*-s)). The energy balance for the

ideal reacting gas is:
ZFL D, de ext+ Q 2)

where C, ; is the species molar heat capacity (J/(mol-K)), and @ext is the heat added
to the system per unit volume (J/(m3:s)). @ denotes the heat due to chemical
reaction (J/(m>s)).

= _Zerj
J

where H; the heat of reaction (J/mol), and r; the reaction rate (mol/(m3-s)).

The reactor equations are solved for a channel 0.36 m in length with a cross sectional
area of 12.6 mm?. The operating conditions for this example are such that the

3

exhaust gas contains 4 1.1 mmol/m- of NO at a temperature of 523 K passing

through the channel at 0.3 m/s.

The below figure shows the molar flowrate of NHs with respect to the reactor
volume the exhaust gas has passed through. What is apparent at the conditions
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mentioned above is that a ratio NH3:NO around or above |.3 is required to ensure
that the NHj5 is not completely consumed prior to reaching the reactor’s outlet.

Global: Molar flow rate (mol/s)
x1077 T T T
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Molar flow rate (mol/s) of NH3 as function of position in the reactive channel.

Going further, three NH3:NO ratios ranging from [.3 to |.5 are presented in the
next figure along with the selectivity as a function of reactor position. When the
NH3:NO ratio is 1.3, the NO reduction is highly prioritized, primarily because NH5
concentrations become very low.
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Global: Selectivity parameter (1)
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Selectivity parameter (v|/ry) as a function of reactor position.

Allowing for some type of operational margin, an NH5:NO ratio of 1.35 is chosen
and investigated. This leads to minimal waste of NH5 without limiting the NO
reduction chemistry. Using this figure, conversions of 98.7 % and 97.2 % for both NO
and NHs3 consumption are reached, respectively.

Changing the operating temperatures, NH3:NO ratios and other operating
parameters by smaller and smaller steps eventually leads to the optimized conditions
that grant conversions close to 100% for both reactions. Yet, it should be noted that
the catalytic converter is a real reactor with many channels, and the channels differ
according to their position in the converter, particularly with respect to heat
transferring to the surroundings. So, while the plug-flow reactor model gives a good
indication of the monolithic reactor’s operation, it certainly does not give the full
picture.

The monolith reactor has a modular structure made up of channel blocks coated
with the catalytic washcoat, and supported by solid, heat conducting walls. In the
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following study, the reactor is 0.36 m long with a 0.1 m radius. Each reactive channel
has a cross sectional area of 12.6 mm?, and a void fraction of 0.75.

Reactive channel

Channel block

Supporting wall

Inlet

NO reduction chemistry takes place in the channel blocks. Supporting walls hold together the
full veactor structure. Symmetry veduces the modeling domain to one eighth of the reactor
Jeometry.

In this study, a pseudo homogeneous approach is used to model the hundreds of
channels present in the monolith reactor. As no mass is exchanged between the
channels, each is described by a | D mass transport equation. Furthermore,
fully-developed laminar flow is assumed in the channels, such that the average flow
field is proportional to the pressure difference across the reactor.

The fluid flow transports mass and energy in the channel direction only. Yet, the
energy equation describes not only the temperature of the reacting gas in the
channels, but also the conductive heat transfer in the monolith structure and the
supporting walls. Heat is conducted through the supporting walls faster than it flows
in the channels and monolith structure. Temperature affects not only reaction
kinetics but also the density and viscosity of the reacting gas.

Mass Transport
The mass balances describing transport and the reactions in a channel are given by
diffusion-convection equations at steady state:

V- (-D;Ve¢))+u-Ve; = R; 3)

1
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Here D, denotes the diffusion coefficient (m?/s), ¢; is the species concentration (mol/
m?), and u equals the velocity vector (m/s). The term R; (mol/(m?:s)) corresponds
to the species’ rate expression. Mass transport is only allowed in the direction of the
channels, corresponding to the x-axis direction in the above 3D geometry.

Fluid Flow

Assuming fully-developed laminar flow in the channels, the average flow field is
proportional to the pressure difference across the reactor. On the macro-scale, the
monolith can be treated as a porous matrix, with an effective permeability k (m?),
and modeled using Darcy's Law:

V-(pu) =0
K

u=-—-V
VP

where the density, p (kg/m?), and viscosity, u (Pa-s), represent properties of the
reacting gas mixture.

Heat Transfer
A single temperature equation describing the heat transfer in the porous monolith
reactor can be written, for the stationary case, as

piCpa VT = V- (ke VT) +@Q 4)
where py (kg/m?) is the fluid density, Cpt (J/(kg'K)) is the fluid heat capacity, and keq
(W/(m-K)) is the equivalent thermal conductivity. Furthermore, w (m/s) is the fluid

velocity field from above, and @ (W/m?3) is the heat source resulting from the
exothermic chemical reactions:

Q=0Q,+Qy =-rH -r,H,

The equivalent conductivity of the solid-fluid system, &g, is related to the

conductivity of the solid, &y, and to the conductive of the fluid, &g by:
keg = Ok, + Ok,
were @, denotes the solid material's volume fraction, here 0.25.

Equation 4 is the equation set up by the Heat Transfer interface for a fluid domain.
For the supporting walls in the reactor, heat transfer by conduction only applies

-V (k,VT) = 0
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where kg (W/(m-K)) is the thermal conductivity of the solid walls.

Thermodynamic and Transport Properties

As mentioned previously, the temperature affects not only reaction kinetics but also
the thermodynamic and physical properties of the reacting gas. Accurate
thermodynamic data is required as input to the energy balance equations, both in the
plug flow model (Equation 2) and the 3D monolith model (Equation 4). The
following set of polynomials are used to describe the species thermodynamic
properties:

2 3
Cp,i = Rg(a1+a2T+a3T +a,T +a5T4)

~

_ Ayp2 Y38 aga s
hA—Rg(a1T+2T+3T+4T+5T +a6)

_ 3,2 94,3
s = Rg(allnT+a2T+ §T +§T

a
+ Z5T4 + a7)

Here, C,; denotes the species’ heat capacity (J/(mol-K)), T' the temperature (K), and
R, the ideal gas constant, 8.314 (J/(mol-K)). Further, h; is the species’ molar enthalpy
(J/mol), and s; represents its molar entropy (J/(mol-K)). A set of seven coefficients
per species are taken as input for the polynomials above. The coefficients a; through
a5 relate to the species heat capacity, while the coefficient ag is associated with the
species enthalpy of formation (at 0 K), and the coefficient a7 comes from the species
entropy of formation (at 0 K). The coefficients for these equations are readily
available in literature reporting thermodynamic data in the CHEMKIN or NASA
formats (Ref. 2, Ref. 3).

In addition to thermodynamic properties, the model equations also require
transport properties to accurately describe the space dependent reactor model. For
instance, the mass transport (Equation 3) need species specific diffusion coefficients
as an input. Kinetic gas theory is used to set up expressions for transport properties
such as diffusivities, viscosity, and thermal conductivity as functions of temperature,
pressure, and composition. In this example, the species diffusivities (m?/s) are
calculated using the formula

3 3
_ T (M, +Mzp)/(2-10°MaM
b~ ssen. 105 AT (M + M) /( ) -
po,opQp

where Qp is a collision integral
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Qp = f(T, o, If;’ u)

To evaluate Equation 5 you need to specify the characteristic length and energy
minimum of the Lennard-jones interaction potential, that is & (10*10 m) and &/ky,
(K), respectively. The species dipole moment, pup (Debye), can also be provided. Each
species in the reacting gas has a characteristic set of these constants, and you find
their values in the literature, in databases, or from experiments.

The data parameters used for this model have been compiled from Ref. 4 and are
summarized below:

SPECIES G [A] ek, (K] up [D]
H20 809.1 2.640 1.8
N2 71.4 3.798 0.0
NH3 558.3 2.900 1.5
NO 116.7 3.492 0.2
02 106.7 3.467 0.0

Analysis

The plot below shows the conversion of NO in the monolith channel blocks, where
the overall conversion at the outlet is 97.5 %, which is a bit lower than that given in
the plug-flow reactor model above. The isosurfaces in the plot show how a channel’s
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performance depends on its reactor position in relation to the supporting walls,
outer walls and length of the reactor.
Isosurface: (cNO_0-cNO)/cNO_0 (1)
A 009721

0.9721
0.9222

<
o
N
5o
N}
I
o

Isosurfuces showing the conversion of NO in the reactor.
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Cross section plots of the reactor temperature are shown below.

Slice: Temperature (K)
A 541.55

'V 480.46

Temperature distvibution in cross sections of the reactor.

The exothermic reactions increase temperature in the central parts of the reactor,
while the temperature is decreased through heat loss to the surroundings. The
maximum temperature calculated for the 3D reactor is 54 1.5 K, which is within the
limits found in the perfectly-mixed reactor model above. The effect of the relatively
high thermal conductivity of the supporting walls is clearly visible.
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A plot of the selectivity on the symmetry surface of the monolith is shown below.
The fact that it is greater than | throughout indicates that the NO reduction is
selectively favored in all regions of the reactor.

Surface: Selectivity parameter (1) Surface Height: Selectivity parameter (1)

A 36133

3.5

1.5
¥ 1.3987

The fuct that selectivity is greater than 1 throughout indicates that the desived NO reducing
reaction is favored.

The selectivity plot again reveals the space-dependent nature of the problem.
Channels in the relatively cold region near the reactor's outer surface display high
selectivity throughout, whereas channels in the region close to the center see
selectivity falling off comparatively fast. Compared to the single channel model, the
3D reactor shows notably lower values of the selectivity parameter near the center
of the outlet. Nevertheless, NO reduction is still favored throughout.

The information from this 3D model can also be used to investigate other aspects of
this reacting system. Results can be compared to results from prototypes or even real
monolith reactors, and material properties, such as the permeability constant, can be
fine-tuned. Different operating conditions, such as when the automobile accelerates
and decelerates, can be simulated. Alternate catalysts and designs can also be proven.
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Even other physical properties, such as the structural integrity of the converter can
be investigated, as is shown below.

Slice: Stress tensor, x component (N/m~2)

V¥ —1.4247%X10°

The stress tensor component in the x divection. Compressive stress is indicated by negative values,
and tensile stress by positive values.
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2. S. Gordon and B.J. McBride, Computer Program for Calculation of Complex Chemical
Equilibrium Compositions, Rocket Performance, Incident and Reflected Shocks, and
Chapman-Jouquet Detonations, NASA-SP-273, 1971.
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McGraw-Hill, 2001.
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Following the strategy described in the beginning of this document has several
advantages for studying this catalytic converter. The initial simulations are easy to set
up and quite fast to solve. If this reactor was a new design and the chemistry was still
being investigated, the simulation results could be compared to experimental results,
and the reaction mechanism decided, and kinetic parameters fine-tuned.

Otherwise, the first analysis narrows down process conditions reasonable for the
reactor’'s operation before moving to more advanced and computationally
demanding models.

The second analysis provided more information about spatial effects in the reacting
system and allowed for a fairly accurate suggestion for operating the reactor to be
made. Although a simplified model it was quite easy to set up and fast to solve.

The results from the previous two simulations give a good indication of what the
eventual reactor’s operating conditions will be. This knowledge helps greatly with
setting up a 3D model, which can sometimes be difficult to solve if the input
parameters are not close to the eventual solution. And once the model is solved, it
provides significant insight into the real converter’s operation and design parameters.
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