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A consistent set of ab initio-based kinetic and thermodynamic data is applied for the
simulation of an ethane steam cracking furnace. The thermodynamic data are calcu-
lated using accurate quantum chemical CBS-QB3 calculations including corrections
for hindered internal rotation. The kinetics are obtained from CBS-QB3-based group
additive models. With these thermodynamic and kinetic data, simulations for pilot and
industrial ethane steam cracking reactors over a wide range of process conditions are
performed. It is shown that, without adjusting any parameter, the main product yields
can be predicted within 15% rel. of the experimentally observed cracking yields. This
indicates the tremendous potential of integrating ab initio methods with engineering
models for accurate reactor simulations. © 2010 American Institute of Chemical Engineers
AIChE J, 57: 482496, 2011
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Introduction

Kinetic modeling plays a pivotal role in the design and
optimization of chemical process plants. The capability to
predict reliably the behavior of chemical reactions over a
broad range of temperatures and pressures would, in princi-
ple, enable the a priori design of new chemical reactors and
chemical processes. In recent years, it has become possible
to predict accurately the behavior of some rather complex
gas phase chemical reaction mechanisms such as, for
instance, the atmospheric chemistry involved in ozone deple-
tion'™ or the chemistry occurring in steam cracking and py-
rolysis of hydrocarbons.sf7 The development of these models
required a tremendous experimental effort, spread over sev-
eral decades, involving a huge amount of work by many
researchers. More efficient methods for the development of
kinetic models are absolutely required. These methods
should be able to reliably predict the chemistry involved in
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chemical processes so that they can be used as a predictive
tool for process design and optimization.® However, for an a
priori prediction of the behavior of even well-established gas
phase industrial processes, several technical hurdles need to
be overcome. This work aims to provide proof-of-principle
that the complex kinetic behavior in radical gas phase reac-
tion mechanisms can be reliably predicted over a broad
range of conditions by integrating quantum chemistry techni-
ques with engineering models at larger length and time
scales, that is, to show that ab initio modeling of gas phase
reactions from molecular to industrial scale has now come
within reach.

A reactor simulation, the common tool for reactor optimi-
zation, is based on a combined description of the physical
and chemical phenomena that occur in the chemical reactor.
The intrinsic chemical reaction rates are described using a
kinetic model that is combined with a reactor model that
accounts for the conservation laws and incorporates the
physical transport phenomena. The development of reactor
models is rather advanced and well established, particularly
for the most commonly used chemical reactors in industry.
Because of limitations in analytical chemistry, computer
hardware and software capabilities, most traditional process
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models, however, implement lumped kinetics schemes, in
which the molecules are grouped by global properties such
as boiling point or solubility. Even in recent years, apart
from some exceptions,” more complex kinetic models are
scarcely used in the industry.10 The globally lumped and
nearly “chemistry-free” kinetic models are specific in nature
and can, for example, not be extended to new feedstocks.
However, stricter environmental regulations, such as the
Clean Air Act and the Kyoto protocol, and tighter technical
requirements, such as the need to improve the product qual-
ity and performance, have lead to the new paradigm to track
each molecule in both the feed and product throughout the
process stream. Molecule-based models can incorporate in-
formation from quantum chemical level to full process scale
and can hence serve as a common fundamental tool for both
process development and chemistry research. Therefore, the
future in kinetic modeling will be in detailed kinetic models,
consisting of elementary reactions.

For radical chemistry, on which many of the world largest
scale chemical processes are based, the reactive nature of the
radical intermediates results in a complex chemistry, that is,
in huge reaction networks typically involving hundreds of
species and several thousands of elementary reactions.'’
Because of the large number of elementary reactions
involved, reaction network generation evolved from manual
construction'>"?  to  computer-aided  generation  using
advanced algorithms for the selection of the relevant reac-
tions.” %1420 These algorithms generate a reaction network
starting from the feedstock molecules and a given set of reac-
tion rules, yielding all possible intermediates and reactions.

Providing these detailed reaction networks with accurate
values for the required thermodynamics and kinetics in the
desired range of conditions is one of the largest challenges in
the modeling of industrial processes based on radical chemis-
try. As experimental determination of rate coefficients is very
time consuming and, in particular for radical reactions, very
complicated, experimental kinetic data are by far too scarce
to describe the necessary kinetics. Generally, a combination
of experimentally determined, predicted, and fitted data is
applied to overcome the lack of available kinetic and thermo-
chemical data.”~"*' Quantum chemistry provides an opportu-
nity to provide these reaction schemes with consistent data,
thanks to the advances in methods in computing power last
decennia. The use of quantum chemistry to calculate rate
coefficients for gas phase radical reactions is particularly
attractive since it avoids difficult experimentation techniques
and the need to rely on assumed reaction schemes. However,
calculating accurate kinetics and thermodynamics for the
thousands of reactions for radical chemistry is beyond compu-
tational possibilities. Therefore, engineering approximations
are introduced that have the advantage that for the larger spe-
cies and reactions in the network, for which accurate quantum
chemical calculations are computationally too expensive, the
thermodynamics and kinetics can be reliably determined
based on ab initio calculations involving only smaller species.
Recently, several parameterization schemes for rate prediction
have been constructed based on ab initio calculations.** >’

In previous work, consistent group additive models have
been constructed for the prediction of thermochemistry and
kinetics for the radical gas phase chemistry of hydrocar-
bons.?®* 2 These models are based on the ab initio calcula-
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tion of a consistent set of thermodynamic and kinetic data
for the most important reaction families involved in radical
hydrocarbon chemistry. The methodology is based on Ben-
son group additivity and has proven its reliability for hydro-
carbon thermochemistry30’3 ! and the kinetics of radical addi-
tions and hydrogen abstractions.>’>*>* The ab initio compu-
tational method, CBS-QB3,34’35 has already shown its
accuracy for hydrocarbon gas phase chemistry,*!=¢40

A successful simulation of an industrial reactor can pro-
vide proof-of-principle that the current computational quan-
tum chemical methods can be integrated with engineering
models at larger length and time scales and, hence, that reli-
able ab initio modeling of gas phase reactions from molecu-
lar to industrial scale has come within reach. Steam cracking
of ethane was chosen as a test case for several reasons. First,
it is a well-established process and the detailed radical chem-
istry is fairly well known. Second, kinetic models for steam
cracking typically describe the data adequately, without the
need to include pressure dependent kinetics,”'"'*41=* that
is, reactor simulations can be performed with a single set of
fixed-pressure rate coefficients. Therefore, pressure depend-
ence is not a key factor in steam cracking modeling and
high pressure ab initio results can be expected to give fairly
reliable results without additional effort to account for pres-
sure dependence. Third, an extensive experimental database
covering a broad range of conditions is available in our
group, allowing to compare the simulation results with ex-
perimental data obtained on a pilot plant scale. In addition,
in-house developed, microkinetic (CRACKSIM)”-'#4243:45
and reactor modeling tools (COILSIM)* for steam cracking
are also available in our group. The detailed reaction net-
work and rate coefficients used in CRACKSIM are based on
an extensive experimental database and provide a very reli-
able simulation of industrial ethane and naphtha steam
crackers.*** A comparison of the ab initio-based simulation
results with industrial data and with simulations using COIL-
SIM thus provides the ultimate test of the validity of the
group additive schemes and of the methodology developed
in this work. Moreover, in the current reaction networks for
the simulation of steam cracking reactions, such as CRACK-
SIM* or SPYRO,****7 the applied kinetic and thermody-
namic data are typically a mixture of experimental, pre-
dicted, and fitted data. Particularly, because of the fitting of
kinetic data to experimental results, it is not guaranteed that
the reaction network accurately describes all the kinetically
relevant underlying chemistry since deficiencies in the net-
work might be compensated by a bias on the rate coeffi-
cients of other reactions. In that respect, performing a full ab
initio-based simulation can help to establish the intrinsic va-
lidity of the reaction network, which is an additional advant-
age of the approach used in this work.

Methodology
Reaction network and reactor modeling

Nowadays, computers are used not only to solve the reac-
tion model equations numerically but also to generate the
network, construct the model, and calculate the kinetic pa-
rameters. Because such microkinetic models may contain up
to thousands of reactions and species, constructing them by
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hand can be tedious and error-prone. Therefore, many
research groups have developed computer tools to automati-
cally generate these reaction networks.”'*!®4¥¢ A key dif-
ficulty of these network generation programs is that they
produce large numbers of kinetically unimportant reactions
and species. Therefore, sometimes expert user involvement
is used to limit the size of the reaction network. Several
assumptions are commonly made when generating reaction
networks for steam cracking and pyrolysis, to limit the net-
work size and network generation time, ! 1+13:14:1 Although
some of them can be supported by experimental evidence,
for example, the p-radical hypothesis for long-chain hydro-
carbons,' !> still some doubts remain about others, for
example, lumping of intermediate species or the quasi-
steady-state approximation for certain species. To check the
reliability of the ab initio data, the extensive reaction net-
work for steam cracking, consisting of 1772 reversible reac-
tions between 175 species generated using a carbon stop cri-
terion as described by Van Geem et al.® is compared with
a rate-based generated network using only the ab initio ther-
modynamic and kinetic data for network generation.

Generally, a detailed reaction network is generated by
allowing the feedstock components to react according to
different reaction families. Examples are hydrogen abstrac-
tion reactions either intramolecular and intermolecular,
addition reactions (intramolecular and intermolecular), etc.
Rice and coworkers'>”"> showed that steam cracking of
hydrocarbons proceeds through a free radical mechanism
and that three important reaction families can be distin-
guished.

e Carbon—carbon and carbon—hydrogen bond scissions of
molecules and the reverse radical-radical recombinations:

R; — R,=~R! +R}

e Hydrogen abstraction reactions, both intramolecular and
intermolecular:

R; —H+R3=R} +R, — H

e Radical addition to olefins and the reverse f§ scission of
radicals, both intramolecular and intermolecular:

RT + Ry =R32ZR; — Ry —R;

Figure 1 shows how the reaction network is automatically
generated. Starting from an initial pool of molecules, possi-
bilities for scission reactions, hydrogen abstraction reactions,
and addition reactions are identified. Cyclization reactions
are considered as intramolecular additions, while isomeriza-
tion reactions are considered as intramolecular hydrogen
abstractions. For every forward reaction introduced in the
network, the corresponding reverse reaction is also incorpo-
rated in the network. These reactions result in a number of
formed radicals and molecules. The new radicals are added
to the radical pool and the molecules are added to the mole-
cule pool. In the next iteration, the new species react with
each other and with other species of the radical and mole-
cule pool and the network is constructed gradually.

A problem of this type of approach is that in principle the
reaction network can become infinite, because addition reac-
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Figure 1. Automatic network generation using a carbon
count stop criterion (Nc < 9) and fu rules of
Goldfinger-Letort-Niclause.®°

tions continuously lead to the formation of new species not
yet included in the reaction network. Similar to Broadbelt
et al.,”° this problem has been overcome by using a carbon
count stop criterion for the formed species to limit the net-
work growth. Because no products with nine or more carbon
atoms are identified in the ethane cracking experiments, the
maximum carbon number species is set to eight. To further
limit the size of the reaction network, the fu rules of Gold-
ﬁnger-Letort-NiclauseﬁO are applied. In steam cracking, acy-
clic radicals with more than five carbon atoms are consid-
ered p radicals,”'? that is, they only react via monomolecu-
lar reactions. Small radicals, such as the ethyl or propyl
radical, are usually allowed to react by both unimolecular
and bimolecular pathways, that is, fu radicals. Benzyl and
methyl radicals on the other hand are usually assumed to
react only bimolecularly (f radicals), that is, their unimolec-
ular reactions are neglected. A computer program is devel-
oped that generates the reaction network automatically based
on the binary relation matrix concept.” In this concept, the
cracking rules are translated into matrix operations per-
formed on the Boolean relation matrix, representing the spe-
cies structure.'* The calculation of the rate coefficients is
discussed in the following paragraph.

In the pilot plant reactor, radial temperature, pressure, and
concentration gradients are limited, allowing the use of one-
dimensional reactor model equations.44 The reaction equa-
tions are integrated using the in-house developed program
COILSIM1D, which uses the implicit numerical software
DASSL®' to solve the stiff set of differential equations.*’
The process gas temperature and pressure profile in the sim-
ulations are taken from the corresponding pilot plant experi-
ment. COILSIMI1D is combined with the extensive reaction
network.*’

The steam cracking of ethane in an industrial cracker is
simulated using a two-dimensional reactor model imple-
mented in COILSIM2D.** The latter is necessary because
important radial gradients exist in these type of reactors, not
only for the temperature but also for the molecular and in
particular the radical species.44 The applied reactor equations
and boundary conditions can be found in Van Geem et al.*
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Table 1. Mean Absolute Deviations on Differences Between
Calculated and Experimental Values

AH° (298 K) $°(298 K) Cp°(298 K)
(kJ/mol) (J/mol/K) (J/mol/K)
Number
of species 51 39 46
MAD 1.3 1.2 1.8

Thermodynamic and kinetic data

For all reactions in the reaction network, the kinetics and ther-
modynamics need to be known. Most network generation tools
obtain the necessary thermochemical data from an electronic
database of literature values, whenever possible. In most instan-
ces, however, the latter are not available and one must resort to
group contribution methods to estimate standard enthalpies of
formation, entropies, and heat capacities. In this case, a database
of ab initio calculated thermodynamic data for 265 species is
used, determined using the high-accuracy CBS-QB3 compound
method with corrections for all internal rotations. The applied
methodology yields very good agreement with experimental
data for standard enthalpies of formation, entropies, and heat
capacities (see Table 1).*>3' As for the limited number of spe-
cies for the cracking of ethane in this work all thermochemistry
values were known ab initio, the ab initio obtained values are
used directly for the determination of radical reaction thermody-
namics, that is, without using group additivity.

Rate coefficients for the elementary steps have been deter-
mined using the group additive values obtained in previous
work.?®?%32 The model is based on the group additive model
for calculation of activation energies introduced by Saeys
et al.,”” extended for pre-exponential factors including cor-
rections for hindered rotation and tunneling. The activation
energy and the pre-exponential factor are related to the struc-
ture of the transition state. For any reaction in the considered
family, the pre-exponential factor and the activation energy
are obtained by adding contributions to the reference values,
which account for the structural differences between the con-
sidered reaction and the reference reaction. The pre-exponen-
tial factor obtained from the group additive method is finally
multiplied by the number of single events, that is, the num-
ber of energetically equivalent reaction paths from reac-
tant(s) to the transition state. The reference value of the pre-
exponential factor is thus defined for the “single event”.
Considering single events and tracing structural analogies
between the reaction gives a substantial reduction of the
number of parameters in the model. The reaction rate coeffi-
cients are calculated according to:

~ - Ea
k = Kknek = Kkn.Aexp (_RT) (1)
E(T) = Eares(T) + Y _ AGAV}, (C;) )

i=1

10gA(T) = logAws(T) + Y AGAVS (Ci) +logne  (3)

logA
i=1

in which E, s and Aref are the Arrhenius parameters of the
reference reaction, the AGAV® are the group additive values,
and 7, is the number of single events:

pe — Lot 110 @

B Hj Moptj O

with n,,, the number of optical isomers, ¢ the global symmetry
number, and j running over the number of reactants. The use of
group additive values relative to a reference reaction to
calculate the activation energy and the pre-exponential factor
of radical reactions results from the strong analogy that exists
between the different reactions, considering their mechanism. '

On the basis of thermodynamic consistency, the reverse
rate coefficients are calculated based on the forward rate
coefficients and the thermodynamic equilibrium coefficient.
The calculation of the standard Gibbs energy of reaction
requires the knowledge of the thermodynamic properties,
which are obtained from ab initio calculations as stated pre-
viously.

The group additive values are determined from a database
of kinetic parameters calculated in the high pressure limit
using the CBS-QB3 compound method taking into account
the internal rotation about the forming/breaking bond. Rate
coefficients are obtained using the conventional transition
state theory with corrections for tunneling when necessary:

koo(T) = re(r) (BT Mo asee
h h Nopt, A9 ANopt BYB

(&)

From several ab initio methods, this method was found to
give the best agreement in comparison with experimental
rate coefficients for a test set of 48 reactions spanning all
the reaction families relevant to steam cracking. The CBS-
QB3 method with hindered rotation and tunneling correc-
tions yielded the lowest mean factor of deviation from the
experimental values (see Table 2).29’38’39

At steam cracking conditions, the mean factor of deviation
is a factor 3 on the rate coefficients. For hydrogen

Table 2. Mean Factors of Deviation <p> Between Calculated and Experimental Rate Coefficients

Carbon Radical®® Hydrogen Radical® Hydrogen®’
T (K) Addition B Scission Addition P Scission Abstraction Mean
300 2.1 33 1.7 2.3 10.0 39
600 32 2.5 1.5 2.2 39 2.7
1000 39 2.6 2.0 1.8 3.6 2.8
No. of reactions in test set 8 6 7 6 21 48

CBS-QB3 calculated rate coefficients with correction for internal rotation about the forming/breaking bond, and inclusion of tunneling correction for hydrogen

addition and abstraction.

AIChE Journal February 2011 Vol. 57, No. 2

Published on behalf of the AIChE

DOI 10.1002/aic 485



abstractions, the deviations are evenly distributed around the
experimental values. For carbon and hydrogen radical addi-
tions, the calculated rate coefficients rather over than under-
predict the experimental rate coefficients. This tendency
might influence the accuracy of the calculated product yields
in the reactor simulations.

Group additive models have been constructed for the
reaction family of carbon-centered radical additions,*®
hydrogen radical additions,?’ hydrogen abstractions by car-
bon-centered radicals,>* and by hydrogen radicals. In this
work, the reported group additive values and the reference
reaction Arrhenius parameters at 1000 K are applied.
Many of the important reactions, particularly those involv-
ing methyl and hydrogen radicals such as the C-H f scis-
sion of the ethyl radical, have been used in the training set
for the group additive values. Therefore, the group additive
prediction for these reactions equals the ab initio rate coef-
ficients.

For ring formation through intramolecular radical addi-
tions, reactions involved in benzene, and cyclopentadiene
formation, direct ab initio kinetics were applied because
group additive models are not available for these reaction
families. Similarly, direct ab initio values were used for
intramolecular hydrogen abstractions, which correspond to
radical isomerization reactions.

The calculation of rate coefficients for C—C and C—H
bond scission and radical recombination requires a different
approach than for the other reaction families. Because radi-
cal recombination reactions are barrierless, there is no clear
transition state present on the potential energy surface.
Hence, canonical transition state theory does not yield reli-
able results. A variational transition state theory approach
(VTST), in which the dividing surface between reactant and
product valley is optimized for the minimum rate, needs to
be used. However, due to the flatness of the potential energy
surface, this dividing surface is strongly influenced by the
energy and the angular momentum of the collision. More-
over, the nature of the interactions changes from long-range
to covalent, while the large-amplitude interfragment motions
are complicated to handle theoretically. Because of the ab-
sence of a clear saddle point on the electronic potential
energy surface, the transition state location is also strongly
temperature dependent.®> Moreover, during the process of
bond breaking, the system evolves from a singlet state, with
the two electrons of the breaking bond in a single molecular
orbital, to a triplet state, in which the two electrons move in-
dependent from each other in orbitals centered on the formed
radicals. To calculate a smooth potential energy surface, a
multireference ab initio method is required, which is based
on both the singlet and triplet states by expressing the wave
function as a weighed superposition of both. Unfortunately,
the CBS-QB3 method, which is applied for the other reac-
tion families in this work, is based on single reference calcu-
lations. Furthermore, the triple perturbation of CBS-QB3’s
main CCSD(T) step shows divergent behavior at extended
bond lengths. As CBS-QB3 cannot be applied for this reac-
tion family, an alternative was found in the approach of the
Klippenstein group, which combines high-level multirefer-
ence calculations with variable reaction coordinate transition
state theory, a variant of energy and angular momentum-
resolved VTST®:
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oy — L, oae (27 32 [ dEd] N*(E,J) exp(—E/ksT)
) =225, = OAT)0s(T)

©6)

In this expression, written in atomic units (72 = 1), g, is the
electronic degeneracy factor and 64, g, and o, the rotational
symmetry numbers for the reactants A and B and the transi-
tion state, i the reduced mass mamp/(ms + mg), O and Oy
the reactant partition functions, and Ni(E,D the £ and J
resolved density of states of the collision complex. The latter
is minimized over the dividing surface for each pair of values
of the energy E and the total angular momentum J.

Harding and Klippenstein reported recombination rate
coefficients based on second-order multireference perturba-
tion CASPT2/cc-pvdz energies with configuration interaction
CAS—+1+2/aug-cc-pvtz one-dimensional corrections®*:

V(r,0,¢) = Veaspra/ce-pyaz (75 0, @)
+ ACAS+1+2/aug-cc-pvtz (I”) (7)

The one-dimensional corrections Acas12/ug-ce-pviz ()
are determined from the H 4+ CH3 recombination for hydro-
gen radical recombinations, and from CH3 + CH3 for recom-
binations between carbon radicals. The reported rate coeffi-
cients range from recombinations of hydrogen radicals with
alkylic, resonance-stabilized and other radicals®*®* to recom-
binations between alkylic radicals.®” As the reported rate
coefficients were not sufficient to cover the 90 recombination
reactions considered in this work, the Geometric Mean Rule
was used to predict the rate coefficients where possible. The
rates for the remaining recombination reactions were
assumed to be equal to the rate of structurally similar reac-
tions. An overview of all the recombination reactions, with
indication of the source of the value, is given in Table S1 of
the Supporting Information.

Sensitivity and rate of production analysis

The complete ab initio reaction network for ethane steam
cracking allows to evaluate the main pathways towards the
formation of the important products. Furthermore, in every
kinetic model, it is useful to know the impact of modifica-
tions of certain parameter values. This knowledge can be
obtained from a rate of production and sensitivity analysis in
commercially available codes such as CHEMKIN 4.1.°° The
one-dimensional plug flow reactor model is applied in com-
bination with the reaction network generated in this work.

The normalized sensitivity coefficients are calculated as
follows:

g AJ 8X, o a(lnX,) 8)
v X,' OAJ h O(IHAJ) (
In which the effect of the change on the pre-exponential
factor A; of reaction j on the mole fractions X; of component
I is evaluated. For example, a sensitivity coefficient S;; of
0.5 means that a 20% change in InA; (equivalent to a 20%
change in Ink;) will lead to a 10% change in InX;. Thus, the
magnitude of a sensitivity coefficient is a measure of the
effect of the rate coefficient for reaction j on the calculated

mole fraction of component i. Clearly, S;; indicates the
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importance of reaction step j in determining c;. Accordingly,
a sensitivity analysis provides a way of identifying the most
important reaction steps for any particular chemical species
of interest.

Note that the reactions are defined as reversible reactions.
The consequence of this is that the equilibrium coefficients
are kept fixed while changing the rate coefficients. Hence,
according to thermodynamic consistency, an increase of the
forward rate coefficient kgorwarg With 10% results also in an
increase of the reverse rate coefficient keyerse. CHEMKIN
reports the normalized sensitivity coefficients based on
changes of the forward reaction rate coefficient, thus a posi-
tive sign of the normalized sensitivity coefficient implies that
the simultaneous increase of the forward and reverse reaction
rate coefficient results in an increase of the concentration of
the considered species, and a negative sign in a decrease.

Reactors

Pilot Reactor Simulation. The pilot plant installation con-
sists of three parts, see Figure 2: a feed section, the furnace
with the suspended reactor coil and the analysis section. The
tubular reactor used in this set of experiments is made of
Incoloy 800H, has a length of 23.14 m and an internal diam-
eter of 1072 m. These dimensions are chosen to achieve fast
turbulent mixing in the coil at the applied feed flow rates.
The temperature profile along the reactor is measured and
regulated by fired burners. Ethane in B50 cylinders (purity
99.9 vol %) is used as feedstock.

Industrial Reactor Simulation. The geometry of the
industrial steam cracker, consisting of a radiation section, a
convection section, and an adiabatic cross-over section is
given in Figures S1-S3 of the Supporting Information. The
details of the geometry, process conditions, reactor equations,
and integrating routines can be found in Van Geem et al.**

The simulation is performed for the radiation section. The
furnace is a rectangular firebox, with four swaged reactor
coils suspended in the furnace. Each coil makes eight passes
through the furnace. The heat required for the steam crack-
ing of the ethane feed is provided by 128 radiation burners.

— A _— ) _— — — Ca
N n . T analysis
o

hydrocarbons
Toater

condensate

¥

Ce
analysis

COICO;
9, a analysis
LU | U} [ N ) SE A [N SS [ Ll |y
cell 1 cell 2 cell 3 cell 4 cell 5 cell 6 cell 7

\__/ flare
reactor zone | TLE | ANALYSIS

| preheating & mixing |

Figure 2. Schematic drawing of the preheating, mixing,
and reactor section of the LCT pilot plant
installation.

P: pressure measurement, (O: process gas temperature mea-
surement.
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Figure 3. Heat flux profile from furnace to reactor and
radial averaged process gas temperature
profile (cup mixing temperature, see Eq. 11)
as a function of distance in the industrial
reactor.

Dotted line: heat flux ¢, see left axis; full line: temperature,
see right axis.

These burners are located in the side walls of the furnace on
both sides of the coils, arranged in eight rows of eight burn-
ers, see Figures S2 and S3 of the Supporting Information.

The heat flux profile was obtained by performing a coupled
simulation of the furnace and the reactor tubes using the two-
dimensional reactor model. For the calculation of the furnace,
the zone method of Hottel and Sarofim®’ is used. This simula-
tion method is developed by Vercammen and Froment,’® Rao
et al.,69 and Plehiers and Froment,70 and consists of iteratively
solving the furnace enthalpy balance and simulating the reac-
tor coil, both linked by the profile of the heat flux into the
coils, until convergence is reached. The resulting heat flux,
given in Figure 3, is strongly non-uniform due to the non-uni-
formity of the fuel gas temperatures in the furnace. At the top
of the furnace the heat flux is much lower than at the bottom,
where there are sharp peaks, since there are no burners in the
top section of the furnace.

The furnace and reactor geometry characteristics are listed
in Table 3. The total hydrocarbon flow rate through one re-
actor coil is 0.972 kg/s. The inlet temperature of the process
gas is 873 K. During the steam cracking of ethane a steam
dilution of 0.35 kg/kg feed is applied. The steam reduces the
partial pressure of the hydrocarbons in the gas phase and
reduces coke formation. As can be seen from Table 3, the
ethane feed contains 0.90 wt % ethene and 1.40 wt % of
propene as impurities.

The operating conditions for the steam cracking furnace
are listed in Table 4. The total fuel gas flow for the 128
burners is 0.559 kg/s. The total amount of heat provided by
the burners is 28 MW. The excess of air is 2%, since the
chance of incomplete combustion is rather limited with the
fuel gas consisting mainly of methane.

Results and Discussion
Reaction network

The reaction network consists of 1512 reversible reactions
between 129 species, that is, 92 radical and 37 molecular
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Table 3. Furnace, Reactor Geometry, and
Process Conditions for the Standard Industrial
Ethane Cracking Furnace

Furnace
Furnace length 9.30 m
Furnace height 1345 m
Furnace width 2.10 m
Thickness refractory material 0.23 m
Thickness insulation material 0.05 m
Number of burners 128
Heat input 14.43 MW

Reactor coil
Number of reactors 4
Number of passes 8
Reactor length 100.96 m
Reactor diameter (int) 0.124 m
Wall thickness 0.008 m
Ethane flow rate per reactor coil 0.972 kg/s
Steam dilution 0.35 kg/kg
Coil inlet temperature 873 K
Coil inlet pressure 34 x 10° Pa
Coil outlet pressure 1.8 x 10° Pa

Composition of the feed
Ethane 97.70 wt %
Ethene 0.90 wt %
Propene 1.40 wt %

species with maximally eight carbon atoms (see Supporting
Information for the reaction network in CHEMKIN for-
mat).* The majority of these 1512 reactions are hydrogen
abstractions reactions, that is, 1302 hydrogen abstractions,
and furthermore 90 radical recombination/bond scissions and
120 Radical addition/f scissions are present. The network
also includes intramolecular reactions, with four intramolecu-
lar H-abstractions and 12 intramolecular radical additions.
The reaction rates for the forward reaction are calculated as
described in the methodology section. The reaction rates for
the reverse reactions are calculated using thermodynamic
consistency.

To check the reliability of the extensive network it is
compared to a rate-based generated network using the ab ini-
tio thermodynamic and kinetic data only. Rate-based termi-
nation of computer-generated reaction networks provides a
physicochemical criterion for including reactions and spe-
cies'>071, only those pathways whose rates exceed some
minimum rate criterion, R;,, are included in the network.
Hence, the ab initio-based thermodynamics and reaction rate
parameters determine which reaction paths are included and
which are not. In this work, the Reaction Mechanism Gener-
ator (RMG 2.0) is applied for the rate-based generation.®!'""?
The reaction conditions used for generating the ethane steam
cracking model with RMG are a fixed temperature of 1100
K, a fixed pressure of 2.0 X 10° Pa, with an initial ethane
concentration of 1.0 mol/m>. The error tolerance is set to
0.02, while a conversion of 75% is used, corresponding to
the highest conversion observed during the ethane cracking
experiments. The RMG generated reaction network consists
of 1517 reversible reactions between 129 species, that is, 98
radical and 31 molecular species with maximally eight car-
bon atoms. A comparison with reference data for ethane py-
rolysis and steam cracking shows that all expected products
and intermediates are included in the rate-based reaction net-
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work, even pathways to benzene, toluene, and styrene. The
latter is a first indication that the ab initio thermodynamics
and kinetics allow to generate a reliable reaction network.

The extensive reaction network, generated using the car-
bon count stop criterion,* and the RMG generated reaction
network are very similar. All the species and 99% of the
reactions included in the RMG generated network are
accounted for in the extensive network. This is because of
the very loose error tolerances applied for the RMG gener-
ated network, using stricter tolerances results in smaller net-
works but not all observed products are accounted for.

Pilot plant simulation

To verify if the reaction network with ab initio thermody-
namics and kinetics allows to obtain accurate simulation
results without adjusting kinetic or thermodynamic parame-
ters, a set of pilot plant experiments is simulated. This ex-
perimental pilot plant setup at the Laboratory for Chemical
Technology allows fundamental studies of the kinetics of the
cracking reactions’® as well as of practical issues such as
coke deposition in both the radiant coil’* and the transfer
line exchanger (TLE).”®

The extensive reaction network is used to simulate eight
pilot plant experiments. The feed flow rate of the ethane
feedstock in the experiments, Fy, is varied from 0.9 x 1073
to 1.1 x 1073 kg/s, while the coil outlet temperature, COT,
varies from 1063 K to 1163 K. The dilution varies from
0.25 kg steam/kg ethane to 0.6 kg steam/kg ethane. The coil
outlet pressure, COP, varies from 0.17 MPa to 0.21 MPa.
These conditions correspond with ethane conversions ranging
from 10 to 75%.

The results in Tables 5 and 6 for two experiments at a
similar conversion but with a different dilution show the
good agreement between simulation results and experimental
data. The ethane and ethene yields are predicted within 5%
of the experimental yields, and the yields of the other prod-
ucts (>0.50 wt %) are within 15% of the experimental yields

Table 4. Furnace Operating Conditions

Fuel gas composition (mol %)

Nitrogen 0.71
Hydrogen 0.50
Carbon dioxide 0.28
Methane 96.27
Ethane 0.93
Ethene 0.77
Propane 0.32
Propene 0.03
n-Butane 0.095
i-Butene 0.095
Fuel gas composition (mol %)
Nitrogen 70.39
Oxygen 0.37
Carbon dioxide 9.27
Water 19.97
Furnace operation

Air excess (%) 2
Fuel gas flow (kg/s) 5.59 x 107!
Flue gas flow (mol/mol) 10.98
Adiabatic flame temperature (K) 2277
Burner cup temperature (K) 1631
Fuel gas inlet temperature (K) 2073
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Table 5. Comparison Between Simulated Pilot Plant Product
Yields (wt %) and Experimental Data

COILSIMID

Simulated Simulated

Ab Initio CRACKSIM  Experimental
Hydrogen 4.12 3.92 3.90
Methane 1.82 3.01 3.11
Ethyne 1.00 0.81 0.89
Ethene 51.77 50.18 49.87
Ethane 38.03 38.55 38.75
Propyne 0.03 0.04 0.04
1,2-Propadiene 0.02 0.02 0.01
Propene 0.51 0.81 0.80
Propane 0.04 0.09 0.09
1,3-Butadiene 1.47 1.30 1.40
1-Butene 0.07 0.12 0.12
Butane 0.09 0.30 0.34
1,3-Cyclopentadiene 0.11 0.09 0.12
Benzene 0.61 0.59 0.60

Coﬁnditions: Fo =092 g/s, 0 = 0.583 kg/kg, COT = 1101 K, COP = 1.91 x
10” Pa.

except for methane and propene, and for the second simula-
tion also ethyne. The overall good agreement is remarkable
because none of the kinetic parameters used for obtaining
the simulation results were fitted to the experimental data.
However, the agreement with experiment is not as good as
the one obtained using CRACKSIM.*> CRACKSIM contains
the same reaction network but the reaction rate coefficients
have been fitted to an extensive set of reference pilot plant
experiments which explains the good agreement. The
CRACKSIM/COILSIM1D product yields (>0.50 wt %) are
within 10% of the experimental yield except for ethyne, sim-
ilar to the use of ab intio kinetics.

In Figure 4, the ethane conversion profile is shown for the
pilot plant experiment at the conditions of Table 5. The eth-
ane conversion profile shows an induction period corre-
sponding with the heating of the process gasses to the reac-
tion temperature. Once the quench zone is reached, the
reaction stops rapidly and the conversion remains fixed.
Also, for other temperature profiles, dilutions, and COP’s,
the conversion is accurately simulated, as can be seen from

Table 6. Comparison Between Simulated Pilot Plant Product
Yields (wt %) and Experimental Data

COILSIMID

Ab Initio CRACKSIM

Kinetics  Fitted Kinetics ~ Experimental
Hydrogen 3.89 3.66 3.64
Methane 1.80 3.36 3.15
Ethyne 0.76 0.67 0.59
Ethene 49.42 47.82 48.12
Ethane 40.98 40.98 40.36
Propyne 0.03 0.04 0.03
1,2-Propadiene 0.01 0.01 0.01
Propene 0.55 0.80 0.79
Propane 0.05 0.12 0.13
1,3-Butadiene 1.38 1.42 1.29
1-Butene 0.06 0.11 0.12
Butane 0.09 0.20 0.26
1,3-Cyclopentadiene 0.09 0.07 0.07
Benzene 0.51 0.48 0.44

Cosnditions: Fo =103 g/s, 0 = 0.267 kg/kg, COT = 1111 K, COP = 1.90 x
10” Pa.
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Figure 4. Simulated ethane conversion profile (dotted
line) and the measured process gas tempera-
ture profile imposed at the simulation (full
line) for an ethane pilot plant experiment.

Conditions: Fo = 0.92 g/s, 0 = 0.583 kg/kg, COT = 1101
K, COP = 1.91 x 10° Pa.

Figure 5, even under severe cracking conditions and high
steam dilutions. The latter is also the case for the ethene
yield, although a slight tendency to overpredict the ethene
yield can be observed in Figure 5. A typical pressure profile
can be found in Figure S4 of the Supporting Information.

The product yields for the minor products are also pre-
dicted satisfactorily, as can be observed in Figure 6. The
predicted yields for hydrogen, ethyne, 1,3-butadiene, and
benzene are in the 10% error interval at almost all experi-
mental conditions. Only the methane and propene yields are
significantly underestimated by 40-50% for methane and by
30-60% for propene.
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Figure 5. Ab initio predicted vs. experimental product

yields for ethane and ethene in the pilot plant
simulation.

Conditions: F, = 09—1.1 g/s, 6 = 0.25-0.6 kg/kg, COT =
1063-1163 K, COP = 1.7-2.1 x 10° a; [- - - 10% rel. interval].

DOI 10.1002/aic 489



10
g + Hydrogen
= Methane

s & 4 Propene
N
= 7 - = 1,3-Butadiene
=
[ OBenzene
-S 5
z + Ethyne
k+} 5 hy
B ;
54
9 3 -
o’
e 9
o
< 2 p

1 7 -

s
0 A

0 1 2 3 4 5 6 7 8 9
Experimental yield (wt%)

10

Figure 6. Parity plot for minor products: hydrogen,
methane, ethyne, propene, 1,3-butadiene, and
benzene.

Conditions: Fy = 0.9-1.1 g/s, 6 = 0.25-0.6 kg/kg, COT =
1063-1163 K, COP = 1.7-2.1 x 10° Pa, [- - - 10% rel. interval].

The results in Figure 7 show that for the minor products
the expected trends as function of the conversion are
obtained. All yields increase with increasing conversion,
with methane having the strongest increase, and the propene
yield has a maximum as expected. Note that the product
yields in Figure 7 pertain to experiments at different dilu-
tions explaining the discontinuous curves for product yields
as function of conversion.

To gain more insight into which reaction paths are domi-
nant and thus responsible for the inaccuracies for propene
and methane formation and the accurate prediction of the
other product yields, a sensitivity and rate of production
analysis is performed. The analysis is performed for the
experiment shown in Figure 4, that is, the temperature and
pressure profile are those measured in the pilot plant.

Table 7 presents the normalized sensitivity coefficients of
the major products at the reactor inlet and at the reactor out-
let, for the five reactions with the largest sensitivity coeffi-
cient S;;, as given by Eq. 8. Positive values for the sensitivity
coefficients indicate a concentration increase in propene with
increasing rate coefficient and vice versa. The different sen-
sitivities at the beginning and end of the reactor for the
same rate coefficient are mainly due to differences in tem-
perature and concentrations of the reactants and products.

—+—Hydrogen
- 2| = Methane
e
& =&~ Propene
B 4
= x- 1,3-Butadiene .
8
L 3 i Benzene
°
@
=
£ 2] =
= =" v
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Figure 7. Ab initio predicted product yields of the
minor products (hydrogen, methane, ethyne,
propene, 1,3-butadiene, and benzene) vs. the
ethane conversion.

Conditions: Fp = 0.9-1.1 g/s, 6 = 0.25-0.6 kg/kg, COT =
1063-1163 K, COP = 1.7-2.1 x 10’ Pa.

From the results of the rate of production analysis and the
normalized sensitivity coefficients for propene in Table 7, it
follows that the too low propene yield is mainly caused by
the too fast hydrogen addition reactions to propene. The
resulting primary propyl radical rapidly decomposes to
ethene:

H* + C3Hg = C3H;(p) )

C3HS(p) = CHS + C,H, (10)

Replacing the ab initio calculated kinetic parameters for the
H addition to propene (k = 4.6 x 10° m*mol/s at 1000 K)
with those proposed by Curran’® based on a meta-analysis of
the available experimental data (k = 2.3 x 10° m>/mol/s)
results in an increase of the propene yield with 50%. This dif-
ference in rate coefficient could be caused by pressure depend-
ence, similar to the hydrogen addition to ethene.”’

On the basis of the sensitivity analysis, the main reason
for the observed differences for the methane yield is the
competition between hydrogen abstractions from ethane by
the hydrogen radical (reaction 2 in Table 7) and by the

Table 7. Sensitivity Coefficients at the Beginning of the Pilot Reactor and at the Reactor Outlet

Beginning of Reactor

End of Reactor

pd =z CH,4 S e =7 CH, AN
1 C,H, <= CHS + CH;} 0.05 0.65 1.00 1.95 —0.18 0.08 0.85 0.74
2 H® + CHg <= H, + C,H2 0.05 0.18 - —0.80 —0.31 0.20 —0.26 —0.03
3 2 CHS < CH 0.04 —0.33 - —0.02 0.08 —0.05 0.09 1.42
4 C,HS <= GCH, +H° 0.04 0.99 - 0.84 —0.04 0.02 —0.05 —0.02
5 H® + CiHg < 1 — CHS - - - 0.04 - - 0.03 —0.17

Conditions: Fo = 0.92 g/s, 6 = 0.583 kg/kg, COT = 1101 K, COP = 1.91 x 10° Pa.
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Figure 8. Reaction pathway analysis for ethane decomposition towards the main products (gray shaded boxes),
performed at the maximum temperature along the reactor coil.

The arrow thickness and percentages represent the reaction rate relative to the total ethane decomposition rate. R® is, in order of impor-
tance, the H®, C,H3, CH3, C,HS, and C4H3 radical. The dotted lines indicate the propene decomposition discussed in the text. (Axial posi-
tion 21.56 m, T = 1151.5 K. Reactor conditions: Fy = 0.92 g/s, 6 = 0.583 kg/kg, COT = 1101 K, COP = 1.91 x 10° Pa).

methyl radical. The hydrogen abstractions by hydrogen are
so fast that the abstractions by methyl radicals, which form
the main source of methane, have difficulties to compete
(7.9 x 10° m*/mol/s for the abstraction by CHj from ethane
at 1000 K, compared to 1.1 x 10 m>®/mol/s for the abstrac-
tion by H®).

The results of the rate of production analysis are summar-
ized in the reaction pathways of Figure 8 for the pathways
to the main products. The analysis in Figure 8 is performed
at the point in the reactor with the maximum temperature
just upstream of the coil outlet (1151.5 K), corresponding to
a maximum formation of side products. At this point in the
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reactor the radical concentration is high (0.016 wt %), and
radical formation steps can be omitted.

Though the highest rate of production of ethene, the pri-
mary product, occurs earlier in the reactor coil, ethene is at
the end of the reactor still the dominantly formed product.
The first step in ethane conversion, the formation of the
ethyl radical, occurs predominantly via hydrogen abstraction
by the abundantly present hydrogen radical. Other radicals
contribute less than 10% to the ethane conversion.

The formed ethyl radical decomposes for 92% into ethene
by a C-H f scission. The remaining 8% mainly recombines
with other radicals, the self-recombination to n-butane being
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Figure 9. Reaction pathway analysis for cyclopentadiene formation, performed at the maximum temperature along

the reactor coil.

The percentages represent the reaction rate relative to the total ethane decomposmon rate. (Axial position 21.56 m, T = 1151.5 K. Reactor
conditions: Fo = 0.92 g/s, & = 0.583 kg/kg, COT = 1101 K, COP = 1.91 x 10’ Pa).

the most significant one with 4%, since it immediately
decomposes to propene and butene.

The rate coefficient for the C-H [ scission producing
ethene is calculated from the reverse reaction, the hydrogen
addition to ethene. Hydrogen additions to unsaturated mole-
cules are significantly faster than addition reactions involv-
ing other radicals, such as methyl radicals. From the compar-
ison between ab initio and experimental rates given in Sabbe
et al.?’ it can be observed that the rate coefficient for the H
addition to ethene is about 60% faster than the experimen-
tally observed value at 1000 K. As this reaction determines
the reverse [ scission, this could explain the slight overpre-
diction of the ethene yield. All rate coefficients have been
calculated in the high pressure limit, and therefore pressure
dependence for this reaction can be the reason for the
observed differences. The overprediction of rate coefficients
could indeed be attributed to pressure dependence, as sug-
gested by Miller and Klippenstein.”” Using a master equation
analysis for the hydrogen addition to ethene in He as bath
gas, they showed that this reaction has just reached the high
pressure limit at 298 K, from which can it be expected that
the reaction is pressure dependent at the higher temperatures
of steam cracking. Also, hydrogen abstractions by hydrogen
radicals are slightly faster than experimental values, which
can explain the systematic overprediction of the hydrogen
yield as observed in Figure 6.

At the elevated temperatures at the end of the coil, more
than half of the ethene formed is further converted, mainly
into vinyl radicals (36% with respect to the ethane disap-
pearance rate) and the but-1-en-4-yl radical (16%), the main
precursor for 1,3-butadiene. The but-1-en-4-yl radical is
formed by addition of vinyl radicals to ethene, which con-
sumes almost half of the vinyl radicals formed. The other
half mainly decomposes by C-H f scission to ethyne or adds
to 1,3-butadiene to initiate the main path towards benzene.

Under steam cracking conditions, the addition of vinyl radi-
cals to 1,3-butadiene and the subsequent cyclization and
dehydrogenation is the dominant path towards benzene for-
mation. The reaction path shown is responsible for 80% of
the total benzene production. This pathway to benzene does
not agree with the one proposed by Matheu and Grenda.”®
These authors found that in their reaction network generated
for a similar temperature range but lower pressure (900-1200
K and 4.0 x 10* Pa) the recombination of propargyl radicals
was the main pathway to benzene for ethane pyrolysis. In this
work, using the recombination rate coefficients reported by
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Miller and Klippenstein,” the recombination of propargyl

radicals does not contribute significantly according to a rate
of production sensitivity analysis. It only starts contributing to
the benzene rate of formation at a temperature of 1130 K.
The C3;H; recombination reaction path can even be omitted
from the reaction network without any loss of accuracy.

A similar path initiates the formation of 1,3-cyclopenta-
diene with the addition of the but-1-en-3-yl radical to ethene
(see Figure 9). Although a significant amount of 1,3-cyclo-
pentadien-5-yl is formed, recombination reactions of the
methyl radical with 1,3-cylopentadien-5-yl radicals do not
seem to be contributing to the benzene yield during the
cracking of ethane under the specified conditions. This reac-
tion, via the intermediate fulvene, is sometimes considered
as one of the important pathways towards benzene formation
in combustion and pyrolysis.?*®!

The dominant reaction pathway to methane (99% of the
production) is the hydrogen abstraction reaction by methyl
radicals. In the first part of the reactor, the hydrogen is
clearly abstracted from ethane, but in the last part, with al-
ready many of the ethane feed converted, mainly from dihy-
drogen and to a lesser extent ethene. From the reaction path-
way analysis in Figure 8 it is clear that at the end of the re-
actor coil the major contribution to methane formation is the
abstraction from the dihydrogen formed in the first step of
ethane decomposition.

The formation of propene occurs, next to a small contribu-
tion from recombinations of allyl and prop-1-en-2-yl radicals
with hydrogen radicals, by the C-C f scission of but-2-yl
radicals, releasing a methyl radical. This but-2-yl radical
originates from various sources, mainly hydrogen addition to
1 and 2-butene and hydrogen abstraction from n-butane. The
butenes are formed by a series of hydrogen additions and
abstractions from 1,3-butadiene (not shown in detail).

Despite the underpredictions of propene and methane,
which are most possibly caused by too reactive hydrogen radi-
cals, the overall ab-initio only prediction remains impressive.
The successful reactor simulation shows that ab initio methods
in combination with an engineering approximation, such as
the group additive method, are a useful tool in reactor simula-
tions. Furthermore, since none of the applied kinetic parame-
ters has been fitted to experimental data, no deficiencies in
the network could be obscured. Therefore, it can be inferred
from the quantitative agreement to experimental product that
the reaction network is complete and describes all the relevant
chemistry during the cracking of ethane.
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Figure 10. Radial temperature profile at an axial
position of 50 m in the industrial coil for the
ab initio COILSIM2D simulation.

Full line: 2D model, dotted line: cup-mixing temperature.

Industrial reactor simulation

For the industrial cracking reactor, the 2D approach is jus-
tified by the important radial temperature gradients in the re-
actor, as can be observed in the profile in Figure 10. This
results in radially varying concentration profiles for the con-
sidered species. For the calculation of the average process
gas temperature for the two-dimensional reactor model, the
cup mixing equation is applied®*:

T(r)u(r)rdr
Ty =—7F— (11
u(r)rdr

S —x
Ot—x

45 45

Ethylene Yield (wt %)
Conversion (wt%)
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Figure 11. Ab initio simulated conversion and ethene
yield as a function of radial position at an axial
position of 75 m; ethylene yield 2D;

Table 8. Comparison Between Simulated Product Yields
(wt %) and Experimental Data for an Industrial
Ethane Cracker

COILSIM2D

Ab Initio CRACKSIM

Kinetics Fitted Kinetics Industrial
Hydrogen 3.10 3.02 3.06
Methane 3.00 4.24 2.20
Ethyne 0.30 0.28 N.A.
Ethene 42.21 41.20 41.50
Ethane 48.32 48.46 48.85
Propyne 0.02 0.03 N.A.
Propadiene 0.02 0.01 N.A.
Propene 0.60 0.89 0.89
1,3-Butadiene 1.16 1.10 0.58
1-Butene 0.11 0.16 N.A.
1,3-Cyclopentadiene 0.13 0.15 N.A.
Benzene 0.40 0.34 0.30

Figure 11 shows clearly the varying radial ethane conver-
sion and the ethene yield over a cross section at an axial
position of 75 m. The higher conversion near the wall results
in a higher ethene yield in this zone. The higher conversion
in this zone will also affect the yields of other products.

The simulated product yields of the important cracking
products are given in Table 8, in comparison to industrial
data and CRACKSIM simulated data. The industrial data
refer to the recovered products after the separation steps. As
these data are not as reliable as the data obtained using the
analysis section of the pilot plant, a bias on the comparison
of the ab initio simulated product yields at the end of the re-
actor and the industrially recovered products can be
expected. Comparison with the industrial data shows that a
remarkably good agreement is obtained taking in to account
that none of the kinetic or thermochemical data were
adjusted to improve the fit. The main differences are found
for methane, propene, and 1,3-butadiene. Methane yields are
too high for this simulation, compared to too low yields for
the pilot plant simulations. In the industrial reactor simula-
tion, the methane yield is very sensitive to the H addition to
propene (reaction 2 in Figure 12) due to the presence of 1.4
wt % propene impurity in the feed. As the hydrogen addi-
tions are slightly too fast, this could cause the methane over-
prediction. The pressure dependence of the rate coefficients
is, however, expected to be smaller than in the pilot plant
simulations because of the higher operating pressures.

Comparing the simulated yields using CRACKSIM with
the industrial data shows that a better agreement is obtained
for ethane, ethane, and propene. But CRACKSIM overesti-
mates 1,3-butadiene as much as when using the ab initio
kinetics, and even predicts a higher methane yield than the
one obtained using the ab initio kinetics.

Conclusions

This work presents the application of a first principle-based
group additive method for the calculation of thermodynamics
and Arrhenius parameters involved in the radical chemistry of
hydrocarbons. The consistently developed group additive

- == = ethylene yield 1D; - - - - ethane con- model is applied in the simulation of an ethane steam cracker,
version 2D; - - - - - - ethane conversion 1D. in contrast to the wusually applied combination of
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Figure 12. Normalized sensitivity coefficients for methane at the beginning of the reactor (dark gray), in the middle
of the reactor (light gray), and at the reactor outlet (black) for the simulation of an industrial reactor.

experimentally determined, predicted and fitted data. By using
only these ab initio-based additive models, the product yields
for a pilot and industrial cracker can be simulated within 15%
except for the methane and propene yields. As no parameter
has been adjusted and no experimental values have been used,
the agreement can be considered remarkable. To the best of
our knowledge, this is the first full ab initio simulation of an
industrial chemical reactor. The observed differences in prod-
uct yields can be largely attributed to a few hydrogen addition
reactions that seem to be too fast. Pressure dependence, which
is currently neglected, probably needs to be taken into account
for these reactions.

The full ab initio simulation has shown that the vast ma-
jority of the benzene is formed via a pathway initiated by
vinyl radical addition to 1,3-butadiene, and subsequent cycli-
zation and dehydrogenation. Propargyl radical recombina-
tion, which is sometimes advocated to be the main pathway
towards benzene under pyrolysis conditions, plays only a
marginal role under steam cracking conditions.

From the successful simulation of an industrial ethane
cracker, several conclusions can be drawn. First, the success of
the simulation delivers a proof-of-principle that the integration
of computational chemistry methods with engineering tools at
larger time and length scales provides a predictive tool that can
be used for the design and optimization of industrial chemical
processes. The methodology developed in this work is able to
provide radical reaction networks with reliable kinetic and ther-
modynamic data and requires no adjustable parameters nor
direct experimental data. Second, because of the absence of fit-
ted data that could compensate for possible deficiencies in the
reaction network, it has been shown that the reaction network is
complete, in the sense that it describes all the relevant chemistry
occurring under steam cracking conditions.

Although the data obtained in this work cover only hydro-
carbon radical gas phase reactions, the rate coefficients
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obtained using the developed ab initio-based group additivity
methods represent the intrinsic chemical kinetics of the reac-
tions and, hence, are independent of the studied process.
Therefore, the developed group additive models can be applied
in other reaction networks as well, including the description of
hydrocarbon reactions in reaction networks including hetero
atoms. The application range of the group additive models
developed in this work covers processes based on gas phase
radical chemistry, such as radical polymerization processes,
partial oxidation, and pyrolysis processes.

The final conclusion is that ab initio methods can be con-
sidered a feasible tool for the modeling of chemical proc-
esses based on gas phase radical chemistry. The simulation
of a chemical reactor built on ab initio calculations and ki-
netic models only, without a single adjusted parameter or ex-
perimental value, is within the reach of the current methods.
The challenge now is to extend this work to more complex
processes, and to apply similar methodologies to unexplored
reaction conditions and feeds, as well as novel processes.
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Notation

Acronyms

CAS = complete active space
CIT = coil inlet temperature
COP = coil outlet pressure
COT = coil outlet temperature
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Roman letters

A = pre-exponential factor (m*/mol/s or s

_A = single-event pre-exponential factor (m*/mol/s or s

Ares = single-event pre-exponential factor of the reference reaction

(m”/mol/s or s’l)

d, = internal tube diameter (m)
E = electronic energy (kJ/mol)

E, = activation energy (kJ/mol)

E, o = activation energy of reference reaction (kJ/mol)

Fo = initial total mass flow (kg/s)

F; = molar flow rate (mol/s)

AGAV® = kinetic group additive value relative to reference reaction

(kJ/mol, m3/mol/s, or sfl)
A.G° = standard reaction Gibbs energy (kJ/mol)
AH° = standard enthalpy of formation (kJ/mol)
J = total angular momentum quantum number
k = rate coefficient (m3/m01/s or sfl)
K = equilibrium coefficient (m*/mol or N density of states, —)
ne. = number of single events ()
nopt = number of optical isomers (-)
p = pressure (Pa)
py = total pressure (Pa)
Q = partition function (-)
r = radial coordinate (m)
R = radius of the tube (m)
rr = rate of reaction k (mol/m’/s)
S;; = normalized sensitivity coefficient (-)
§° = standard entropy (J/mol/K)
T = temperature (K)
X = mole fraction (-)
z = axial coordinate (m)

Greek letters

F = transition state (-)

p = factor of deviation between rate coefficients (-)
0 = steam to hydrocarbon dilution (kg/kg)

1 = reduced mass (kg)

¢ = symmetry number (-)
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