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The industrial steam cracking of ethane was simulated using an ab initio kinetic
model. The reaction network consists of 20 species and 150 reversible elementary
reactions. The thermodynamic and kinetic parameters were obtained from ab initio
CBS-0OB3 and W1U calculations and agree well with available experimental data. Pre-
dicted CyHg, CoH,4, and H, yields are within 5% of experimental data for the three
sets of conditions tested. Though CH, yields and outlet temperatures are particularly
sensitive to the accuracy of the kinetic parameters, they are simulated with an accu-
racy of better than 10%. Larger deviations for the CsHs; and C,H, yields are attrib-
uted to the limited size of the reaction network. The effect of total pressure on the rate
coefficients was evaluated using Quantum Rice-Ramsberger-Kassel theory with the
Modified Strong-Collision approximation, and was found to be relatively minor for the
reaction conditions tested. This study hence demonstrates the feasibility of simulating
complex radical reactions using a predictive kinetic model derived from state-of-the-
art quantum chemical calculations. © 2010 American Institute of Chemical Engineers
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Introduction

Steam cracking of hydrocarbons is the dominant process
for the production of light olefins and an important process
for the production of aromatics." Accurate kinetic models
are required for the design and optimization of the steam
cracking process, and models for feedstock ranging from
light hydrocarbons, such as ethane and propane,”” to heavier
mixtures, such as naphtha®™'*'!" can be found in the litera-
ture. The accuracy of a kinetic model depends on the
completeness of the reaction network and on the accuracy of
its kinetic and thermodynamic parameters.lz’13 Steam crack-
ing proceeds via a high temperature radical mechanism and
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in particular for heavier feedstock the reaction network can
involve several hundreds of reactions.'>™'®

Three types of kinetic models are commonly used to
describe steam cracking: empirical models,'® molecular reac-
tion models,3’5’17 and kinetic models based on elementary
reactions.* 712141518 1y principle, kinetic models based on
elementary reactions should be preferred since they can be
used outside the domain where their parameters have been fit-
ted. However, the large number of kinetic and thermodynamic
parameters required in elementary kinetic models limits the
feasibility of building such models by fitting to experimental
data. To limit the number of fitted or estimated parameters,
group additivity models and group contribution methods have
been developed for thermodynamic and kinetic parameters,
respectively.'”2® Alternatively, kinetic parameters can be esti-
mated using structure-reactivity relationships, such as the
Brgnsted-Evans-Polanyi relation between activation energies
and reaction e:rl‘[halpies.12’13’27 However, determining the
required group additivity parameters and structure-reactivity
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Table 1. Ethane Steam Cracking Reactor Geometry
and Process Conditions

I* iy r
Ethane feed flow rate (kg/s) 0.63 0.0011 3.9
Steam to ethane ratio (kg/kg) 0.4 0.4 0.35
Inlet temperature (K) 978 950 898
Inlet pressure (atm) 3.0 2.0 3.5

Reactor length (m) 95 21.75 101

Reactor diameter (int) (m) 0.108 0.01 0.124 (Pass 1-6)
0.136 (Pass 7-8)

Average heat flux (kW/m?)* 63.1 5.6 75.4

*Reference 3.

References 2 and 3.

ijeference 39.

SDetermined from a reactor energy balance.

relationships for complex kinetic models remains challenging
and introduces additional uncertainties.

With the development of computational chemistry, it has
become possible to rapidly calculate thermodynamic and ki-
netic parameters with reasonable accuracy. Indeed, accurate
thermodynamic properties have been calculated with a vari-
ety of computational methods.?®° Using the CBS-QB3
method, the standard enthalpy of formation of hydrocarbons
could be calculated with an accuracy of 2.5 kJ/mol.*' Entro-
pies and heat capacities of hydrocarbons can be predicted
with an accuracy of a few J/mol K using an ab initio one-
dimensional hindered rotor approach.*” Kinetic parameters
can also be predicted accurately. Hydrogen abstraction reac-
tion rate coefficients have been calculated using transition
state theory including quantum mechanical tunneling correc-
tions and are typically within a factor four of experimental
data over a wide range of temperatures.”**>=> Ab initio rate
coefficients for carbon-centered radical addition reactions
and for the reverse B-scission reactions also agree well with
available experimental data.®® The third important reaction
family for steam cracking, radical-radical recombination

reactions, has been studied using ab initio variable reaction
coordinate transition state theory (VRC-TST), and rate coef-
ficients for hydrogen-hydrocarbon radical recombination
reactions®’ and for alkyl—alkyl radical recombination reac-
tions™® could be predicted accurately.

In this work, we illustrate that the accuracy that can be
obtained with standard computational chemistry calculations
has become sufficient to begin to predict the conversion and
selectivity for a complex, high temperature gas phase radical
process such as ethane steam cracking. Ethane steam crack-
ing was selected because it is an example of a complex gas
phase radical reaction for which pilot scale and industrial ex-
perimental data have been published (Table 1)
Moreover, compared to naphtha and vacuum gasoil cracking,
the feed composition is well defined, and the size of the
reaction network remains manageable. This then allows cal-
culating all the individual kinetic and thermodynamic
parameters in the model directly from first principles.

Modeling Methodology
Reaction network

The reaction network used in this work consists of 20 spe-
cies and 150 reversible elementary reactions. Ten radicals (-H,
CH3, 'C2H3, 'C2H5, C3H5 (allyl), 'C3H7 (l—propyl), '2—C3H7
(2-propyl), -C4H5 (but-3-en-1-yl), -C4Ho (1-butyl) and -2-C4Hg
(2-butyl)) and 10 molecules (H,, CHy, C,H,, C,H,, CoHg,
C3H6, C3Hg, C4H6 (1,3-butadiene), C4Hg (1-butene), C4H1())
were included in the model (Table 2). Hydrocarbons larger
than C4 were neglected to keep the number of reactions tracta-
ble. Indeed, extending the network to include all reactions
involving Cs and Cg hydrocarbons would increase the number
of species from 20 to more than 250 and the number of ele-
mentary reactions to a few thousand. For such large networks,

Table 2. Calculated and Experimental Standard Enthalpies of Formation and Heat Capacities at 298 K
for the 20 Species in the Ab Initio Kinetic Model

AeH (298 K), kJ/mol

Cp (298 K), J/(mol K)

Calculated
Species CBS-QB3 W1U Exp.* Calculated Exp.*
-H 218.0 218.0 218.0 20.8 20.8
H, —5.3 —0.1 0.0 29.1 28.8
-CH; 147.1 144.7 147.0 = 1.0 39.6 38.7
CH,4 -76.7 —76.3 —745 * 04 35.7 35.7
CH, 2329 228.0 2274 = 0.8 43.6 44.0
-CoH;3 298.6 294.1 299.0 = 5.0 44.0 -
C,Hy 53.0 50.1 524 £ 05 43.1 42.9
-CHs 121.5 116.9 119.0 = 2.0 51.8 -
C,Hg —86.0 —88.1 —83.8 =03 53.0 52.5
-C3H;s (allyl) 169.0 164.3 171.0 = 3.0 64.3 -
C;3Hg 21.2 16.2 20.4 64.8 64.3
-C3H; (1-propyl) 102.4 96.0 100.0 = 2.0 73.1 -
-2-C3H; (2-propyl) 89.0 83.0 90.0+2.0 68.8
C3Hg —106.7 —110.6 —103.8 = 0.6 74.5 73.6
C4Hg (1,3-butadiene) 114.8 107.8 1119 £ 1.0 78.2 79.8
-C4H; (but-3-en-1-yl) 211.9 203.2 - 85.8 -
C4Hg (1-butene) 1.9 —4.5 —0.63 = 0.8 88.0 85.6
-C4Hy (1-butyl) 81.4 73.6 - 95.5 -
-2-C4Hy (2-butyl) 69.6 62.0 69.0 = 2.0 92.3
C4Hjo —126.6 —132.1 —125.6 = 0.7 100.0 98.5
Mean absolute deviation 1.9 3.8 0.8
*Reference 40.
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Table 3. (Continued)

Reaction Enthalpy (kJ/mol)

Rate Coefficient [s~!, m*/(mol s) or m®/(mol? s)]

Exp.*

Calculated

Exp.*

Calculated

1000 K

Calculated Arrhenius Expression
6.40 x 10"%exp(~144.2[kJ/mol]/RT)

6.00 x 10%xp(~16.1[kJ/mol]/RT)
5.80 x 10'%exp(~153.5[kJ/mol]/RT)
6.00 x 10exp(—12.9[kJ/mol]/RT)
5.90 x 10" exp(~164.4[kJ/mol]/RT)
1.30 x 107exp(~13.5[kJ/mol]/RT)
6.30 x 10"exp(~167.1[kJ/mol]/RT)

1.15 x 10°
1.25 x 10"

1000 K 298 K

298 K

Reaction

.CH, — C,Hs + -H
C,Hg + ‘H — -C,H,

AIChE Journal

1.87 x 10°
8.65 x 10°

138

—144.2

—139.8

139

1.83x10°

5.57 x 10*

-C4Hy — C4Hg + -H

140

141

1.27 x 107
1.53 x 10°
2.57 x 10°
1.18 x 10°
1.57 x 10*
261 x 107

—159.8 —148.4

—151.2

CiHg + -H — 2-C3H;

2-C3H, — CsHg + -H
C,Hg + H — 2-C,H,

142

—162.1 —148.4

—1514

143

2-C4Hy — C4Hg + -H

144
145
146

3.21x10*
8.85x10°

—102.0 —98.4

—98.9

.CH; + C3Hg — 2-C4Ho

exp(—35.7[kJ/mol]/RT)
exp(—127.9[kJ/mol]/RT)

2-C4Hy — C3Hg + -CH,

Isomerization reactions

147
148
149

461 x 10*
8.09 x 103

5.80 x 10'2exp(~155.0[kJ/mol]/RT)

6.60 x 10"%exp(=170.6[kJ/mol]/RT)
470 x 10"%exp(~154.8[kJ/mol]/RT)

~10.0
2.10 x 10"3exp(=170.4[kJ/mol]/RT)

—15.6

—13.0

.C3Hy — -2-C3H,

'2-C3H7 — 'C3H7

3.80 x 10
2.63 x 10*

—16.5

—11.6

-C4Hg — -2-C4Hyo
'2-C4H9 — 'C4H9

150

Mean absolute deviation*
*Reference 40.

1.7

24
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"Reference 41.

“For the rate coefficients, the mean absolute ratio was calculated.

automated network generation algorithms'>'%'>27 become
required to ensure that all possible reactions are included. The
150 reactions in our reaction network include 18 radical-radi-
cal recombination and 18 corresponding bond scission
reactions; 12 radical addition and 12 corresponding [3-scission
reactions; 86 hydrogen abstraction reactions and 4 radical
isomerization reactions (Table 3). All possible reactions in
these three families involving the 20 species were included in
the reaction network.

Though steam cracking proceeds via a radical mechanism,
elementary molecular reactions have been suggested to play
an important role in steam cracking.'® To evaluate the im-
portance of such reactions for our conditions, we calculated
the rate coefficient for the direct C,;Hg decomposition to
C,H; and H,. At 1000 K, the rate coefficient of 9.65 X
1072 s is much smaller than the rate coefficient for C,Hg
decomposition to -CHj radicals, 3.25 x 1073 7! (Table 3),
which is again smaller than the typical rate of hydrogen
abstraction, ‘R + C,Hg, of 1.57 X 1072 s7! at those condi-
tions and for typical radical concentrations. This is
consistent with an early study by Benson and Haugen.*?
Next, we evaluated the rate for C,H; consumption by a
direct molecular reaction with H,. The rate for this reaction,
329 x 107" 7' at 1000 K and for typical H, concentra-
tions, is much smaller than the rate for radical addition by
‘H and -CH; radicals, 1.46x10" and 3.08 x 102 s, at typ-
ical conditions and radical concentrations. The rate of C,Hy
consumption by a Diels Alder reaction with C4He, 1.49 x
1073 s’l, is also too small to contribute to the consumption
of C,H,. These elementary molecular reactions can hence be
safely neglected in our ab initio kinetic model.

Ab initio calculation of thermodynamic
and kinetic parameters

Standard enthalpies of formation were calculated using
the Complete Basis Set CBS-QB3 method*~" and the Weiz-
mann W1U method®® as implemented in the Gaussian03
package.*’ The CBS-QB3 method was developed to reach
so-called chemical accuracy, i.e., an average accuracy of 1
kcal/mol,zg’30 while the Weizmann W1 method was devel-
oped to compute thermochemical properties of small
molecules with an average 1 kJ/mol accuracy.”® Entropies
and heat capacities were computed from CBS-QB3 geome-
tries and vibration frequencies using standard formulas from
statistical mechanics.** Internal rotation partition functions
were obtained using the one-dimensional hindered rotor
approximation,21 and rotational potentials were calculated at
the B3LYP/6-311G(d,p) level of theory. A 0.9679 scaling
factor®® was used for frequencies that enter the vibration par-
tition functions, while Zero Point Energies (ZPE) were taken
from the CBS-QB3 and W1U results.

Rate coefficients for hydrogen abstraction reactions were
calculated using the microscopic formulation of transition
state theory:

T Qrs(T) ()

= T

coh Qr(T)

where kg is the Boltzmann constant, / is the Planck constant,
co 1s the concentration in the standard state to which the
translational partition function is referred, and Qgr(7T) and

k(T) = «(T) €y
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O1s(T) are the reactant and transition state partition func-
tions, respectively. Rotational symmetry numbers for the
reactants and the transition state are included in the partition
functions and account for the reaction path degeneracy.46
The activation barrier at 0 K, AEq(0 K), is the energy differ-
ence between the transition state and the reactants at 0 K,
including the ZPE, and was calculated with the CBS-QB3
method. The tunneling correction factor k(7) accounts for
the effect of quantum mechanical tunneling on the reaction
rate. Tunneling corrections were calculated using the Eckart
method.***” All transition states were first order saddle
points with a single large amplitude imaginary frequency.
Following the reaction path by integrating the intrinsic reac-
tion coordinate (IRC) for a typical hydrogen abstraction
reaction, C,Hg + -CH; — -C,Hs + CHy, confirmed that the
reactants and the products are connected through a single
transition state for this family of reactions. For the 43 pairs
of hydrogen abstraction reactions, only the rate coefficient
for the exothermic reaction of each pair was calculated using
transition state theory. The rate coefficient for the corre-
sponding reverse endothermic reaction was calculated by
combining the forward rate coefficient with the equilibrium
coefficient calculated using either the CBS-QB3 or the W1U
reaction energy. This approach ensures that the kinetic pa-
rameters remain thermodynamically consistent when W1U
enthalpies of formation are used.

Rate coefficients for radical addition reactions were calcu-
lated wusing canonical variational transition state theory
(CVT) as implemented in the Polyrate9.748 and Gauss-
rate9.7* programs. In CVT, the transition state is located at
the Gibbs free energy maximum along the minimum energy
path (MEP) reaction coordinate s rather than at the potential
energy maximum (Eq. 2). CVT hence incorporates entropic
effects into the location of the transition state.>

kCVT(T) = l’nsil‘l k(T, S) (2)

The free energy profile along the MEP was computed using
the CBS-QB3 method. In particular for potential energy surfa-
ces that are rather flat near the transition state and at high
temperatures, the use of CVT instead of conventional TST
becomes important.’’”* Tunneling corrections were again
included using the Eckart method, but are small for this family
of reactions. All transition states were characterized by a single
large amplitude imaginary frequency. Following the IRC led
to the expected reactants and products for all reactions. For the
addition of a -H radical to CsHg, -H + C3Hg — -2-C3H7, and
to 1-butene, -H + C4Hg — -2-C4Ho, the geometries and vibra-
tion frequencies along the MEP were calculated at the
MPW1K/6-311G(d,p) level of theory because the B3LYP/6-
311G(d,p) level of theory which is used in the CBS-QB3
method fails to identify the transition states for these two reac-
tions.’! Rate coefficients for the reverse P-scission reactions
were calculated by combining the corresponding radical addi-
tion rate coefficient with the equilibrium coefficient calculated
using either the CBS-QB3 or the W1U method. Rate coeffi-
cients for the -CsH; and -C4Hy isomerization reactions were
calculated following the procedure described for radical addi-
tion reactions.

Finally, rate coefficients for 9 of the 18 radical recombi-
nation reactions were obtained from ab initio calculations by
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Klippenstein et al.*’** In their work, the potential energy
surface that describes the interaction between the reactant
radicals is calculated using complete-active-space second
order perturbation theory (CASPT2/cc-pvdz) and the rate
coefficients are computed using VRC-TST. The resulting
rate coefficients show good agreement with experimental
data.*”® Unfortunately, Klippenstein et al. did not report
rate coefficients for reactions involving the -C,H; radical,
i.e., CH3 —+ C2H3 — C3H6, C2H3 -+ 'C2H3 — C4H6 and
-C,H; 4+ -C,Hs — C4Hg in our model, for some of the reac-
tions involving -H, i.e., -C4Hy + -H — C4H,q, -2-C4Hoy + -H
— C4H10, ‘2-C3H7 + -H — C3H8, and ‘C4H7 + -H — C4H8
in our model, or for -CsHs; 4+ -CH; — C4Hjg. Because of the
relative small difference between rate coefficients involving
-C,Hs5 and -CHj radicals, i.e., typically less than a factor 1.5,
we used the -CHj rate coefficients for reactions involving
-C,Hj; radicals. Due to the similarity between the -CsH; radi-
cal and the -C4Hy, -2-C4Hq, -2-C5H;, and -C4H; radicals, the
rate coefficient for the -CsH; + ‘H — CsHg reaction was
also used for recombination reactions of the -H radical with
-C4Ho, -2-C4Hy, -2-C3H7, and -C4H5. Finally, the rate coeffi-
cient for the -CH; + -C,Hs — C3Hg reaction was used for
the -CH; + -C3Hs — C4Hg reaction. Recombination of two
-H radicals requires a third body to stabilize the H, prod-
uct.>® Hence for the reaction -H + -H + M — H, + M we
used the third order rate coefficient calculated by
Schwenke™ with an ab initio based Master Equation
approach in our model. Rate coefficients for the reverse scis-
sion reactions were calculated by combining the forward
recombination rate coefficients with equilibrium coefficients
calculated using the CBS-QB3 or the W1U method. Sensitiv-
ity analysis shows that the yields of the major products
C,Hg, C,Hy, Hy, CHy, C3Hg, and C,H, are not sensitive to
the values of the eight recombination rate coefficients for
which no direct ab initio data were available. Indeed, the
normalized yield change coefficients (Eq. 3) for these reac-
tions are all less than 0.03, indicating that changing the rate
coefficients by a factor two changes the simulated yields by
less than 3%.

All the calculated forward and reverse rate coefficients
are reported in an Arrhenius form in Table 3. The reverse
rate coefficients in Table 3 were calculated using the W1U
equilibrium coefficients. The Arrhenius parameters were
obtained by fitting to calculated rate coefficients between
800 and 1200 K. All the calculated rate coefficients except
the -H + -H recombination rate coefficient correspond to the
high-pressure limit. However, at typical ethane steam crack-
ing temperatures and pressure, some of the rate coefficients
in our reaction network may be in the fall-off regime even
above 1 atm.®

The effect of the total pressure on each of the rate coeffi-
cients was therefore evaluated at 1000 K and 2.5 atm using
the three-frequency version of Quantum Rice-Ramsberger-
Kassel theory55 with the Modified Strong-Collision approxi-
mation (QRRK-MSC)*® as implemented in CHEMDIS.”’
H,O was used as the bath gas.

Experimental conditions
To evaluate the accuracy of the ab initio kinetic model,
conversions and yields were simulated for three experimental
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conditions (Table 1). The process conditions and experimen-
tal yields were taken from Froment et al.*® and from
Wauters.> The first set of data corresponds to an industrial
ethane cracker with an ethane conversion of 59.9% and a
residence time of 0.93 s.* The feed consists of 98.2 mol %
C,Hg, 1.0 mol % C,H4, and 0.8 mol % C3;Hg. The average
heat flux was not reported by Froment et al.®> but can be
estimated from an overall energy balance. Based on the
reported inlet and outlet compositions, flowrate and tempera-
tures, the reactor geometry, and the ab initio enthalpies of
formation in Table 2, an average heat flux of 63.1 KW/m?>
was calculated. The second set of data is for a pilot-scale re-
actor with a similar conversion and a residence time of 0.64
s.” The average heat flux of 5.6 kW/m? was again estimated
from an overall energy balance. The third dataset corre-
sponds to an industrial ethane cracker with a split coil
reactor with a diameter of 0.124 m for the first 76 m, and a
larger 0.136 m diameter for the remaining 25 m. The con-
version for the third case is 51.1%, and the residence time is
1.2 s. The feed consists of 98.0 mol % C,Hg, 1.0 mol %
C,Hy, and 1.0 mol % Cs3Hg. An average heat flux of 75.4
kW/m? was estimated. The material, energy and momentum
equations were simulated for a one-dimensional ideal plug
flow reactor (PFR).3 Simulations by Van Geem et al.® indi-
cate that this is a good approximation, though the radial
temperature gradient might be somewhat underestimated.

Sensitivity analysis

Sensitivity analysis was used to help identify the rate
coefficients that affect the yields of the major products most.
Similar to the sensitivity coefficient in a local sensitivity
analysis,”® a normalized yield change coefficient L;j was cal-
culated for the products C,H¢, CoH4, CHy, Hy, C3Hg, and
C2H2:

kAW,

i =, Ak;

3)

where W; is the yield of species i and k; is the rate coeffi-
cient for reaction j. To maintain thermodynamic consistency,
both the forward and reverse rate coefficients were multi-
plied by the same factor.

Results and Discussion

Thermodynamic properties for the 20 species included in
the reaction network and rate coefficients for the 150 elemen-
tary reactions are discussed first. Next, steam cracking of
ethane is simulated for the three cases summarized in Table 1,
using the ab initio kinetic and thermodynamic parameters. The
importance of the pressure dependence of the rate coefficients
is evaluated next. Finally, the sensitivity of the simulated
yields to the calculated kinetic parameters is discussed.

Thermodynamic and kinetic parameters

Calculated enthalpies of formation and heat capacities for
the 20 species in the kinetic model are presented in Table 2.
For the enthalpies of formation at 298 K, the mean absolute
deviation (MAD) with available experimental data is 1.9 and
3.8 kJ/mol for the CBS-QB3 and W1U method, respectively.
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One should note that the average experimental uncertainty
for the 18 enthalpies of formation is 1.4 kJ/mol, with a max-
imum of 5.0 kJ/mol for the -C,H; radical. Our results are
comparable to more detailed benchmark studies of the CBS-
QB3 method,23’29’3° and empirical bond additive correction
schemes have been proposed to further improve the accu-
racy.”?! To avoid introducing experimental data into our
simulations, we have however opted to use the CBS-QB3
data without empirical corrections. Based on extensive
benchmark studies of the accuracy of the W1 method for the
calculation of atomization energies of small first and second
row molecules, a MAD of 1.3 kJ/mol has been reported.”®
The larger MAD for the W1U enthalpies of formation in our
small hydrocarbon set can be mainly attributed to deviations
for larger molecules in the set, again consistent with litera-
ture data.>® Indeed, deviations with experimental data tend to
increase with the number of carbon atoms in the molecule
for both the CBS-QB3 and the W1U method, and for each
additional carbon atom in the molecule the difference
between the WIU and CBS-QB3 enthalpies of formation
increases by about 2 kJ/mol. However, the W1U method is
more accurate for the six main products in our model, H,,
CH,4, C,H,, C,Hy, CoHg, and C3Hg, with a MAD of 2.2 kJ/
mol compared to 2.8 kJ/mol for the CBS-QB3 method, and
the deviations are rather uniform. Consequently, deviations
between W1U and experimental reaction enthalpies for the
important C;Hg — C,Hy + H,, CoHg — 2 -CHj3, and C,Hg
+H, — 2 CHy overall reactions are only —1.9, +0.5 and
+0.8 kJ/mol, respectively, while the CBS-QB3 enthalpies
show slightly larger deviations of +2.5, —2.4, and +3.1 kJ/
mol, respectively. Hence, since more extensive benchmark
studies indicate that the W1U method is more accurate than
the CBS-QB3 method and since W1U reaction enthalpies for
important reactions show smaller deviations with experimen-
tal data, simulations using the W1U values are expected to
be more accurate. Indeed, as discussed later, simulations
using W1U reaction enthalpies show a slight improvement in
the predicted CH, yields. The CH, yield is found to be sen-
sitive to the reaction enthalpy for C,Hg dissociation and the
2.9 kJ/mol higher WI1U reaction enthalpy at 1000 K
improves the predicted CH, yield.

The calculated heat capacities Cp, at 298 K show a MAD
of 0.8 J/(mol K) with available experimental data. Again,
this value can be compared with deviations reported in the
literature.”> Reaction enthalpies calculated using the W1U
method at 298 and at 1000 K are reported in Table 3 for the
150 elementary reactions in our kinetic model, and are com-
pared with experimental data. The MAD for the WI1U
reaction enthalpies at 298 K, 2.4 kJ/mol, is better than the
overall accuracy for the enthalpies of formation.

Ab initio rate coefficients for the 150 elementary reactions
in our model are presented in an Arrhenius form in Table 3.
Representative high pressure experimental rate coefficients
at 1000 K were obtained from the NIST Chemical Kinetics
Database*' and are included for comparison. In general, the
predicted ab initio rate coefficients are within a factor of
four of the experimental values for all three families of reac-
tions and the average deviation between experimental and
calculated rate coefficients at 1000 K is a factor 1.7. For
example, the calculated rate coefficient for the important
C,Hg C-C scission reaction, 3.25 x 1073 s, s comparable
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Table 4. Predicted and Industrial Yields of Major Products for Conditions I, II, and III in Table 1

Ab Initio Predictions (wt %)

I-hp I-hp I-pdep II-hp II-hp II-pdep III-hp III-hp III-pdep Industrial Data (wt %)

CBS-QB3 WI1U WI1U CBS-QB3 WI1U WI1U CBS-QB3 WI1U WI1U I I I

C,Hg 39.3 39.7 40.1 40.0 40.5 41.0 474 47.7 48.3 39.3 39.0 48.9
C,Hy 49.7 49.2 48.5 50.2 49.6 49.0 433 42.8 419 48.7 48.7 41.5
CH,4 29 33 35 2.0 2.3 2.5 2.5 2.8 3.0 34 3.0 2.2
H, 3.6 35 35 3.8 3.7 3.7 3.1 3.0 2.9 3.7 3.7 3.1
C3Hg 0.6 0.7 0.7 0.4 0.5 0.5 0.6 0.7 0.7 1.1 1.1 0.8

C,H, 0.7 0.7 0.6 0.8 0.7 0.6 0.4 0.4 0.3 0.2 - -
Others 32 2.9 3.1 2.8 2.7 2.7 2.7 2.6 2.9 3.6 4.5 35
Tou (K) 1116 1111 1122 1116 1110 1121 1100 1095 1106 1133 1135 1110
Py (atm) 1.9 1.9 1.9 1.6 1.6 1.6 24 24 24 1.9 1.6 2.4

I-hp, II-hp, and III-hp are modeled using high-pressure-limit rate coefficients. I-pdep, II-pdep, and III-pdep are modeled using pressure-dependent rate coeffi-
cients. CBS-QB3 (W1U) data were simulated using CBS-QB3 (W1U) enthalpies of formation.

with a recent experimental value, 4.5 x 1073 s, Finally, to
illustrate the stringent accuracy demands required to predict
conversions and yields, it should be noted that a 3.0 kJ/mol
deviation in the activation energy or reaction enthalpy leads
to a 50% change in the corresponding rate or equilibrium
coefficient at 1000 K.

Ab initio simulations of an ethane steam cracker

Simulations Using High-Pressure-Limit Rate Coefficients.

Steam cracking of ethane was first simulated for an indus-
trial ethane cracker with a conversion of 59.9% (operating
condition I in Table 1). For the first set of simulations we
used the high-pressure-limit rate coefficients (I-hp), with
CBS-QB3 enthalpies of formation or with W1U enthalpies
of formation. The simulated yields for the major products
C,Hg, C,Hy, CHy, H,, C3Hg, and C,H,, as well as the simu-
lated outlet temperature and pressure are compared with
reported experimental values in Table 4. The mole fractions
of C,Hg4, CoHy, CHy, and H, along the reactor are shown in
Figure la for operating condition I. At 1100 K, an equilib-
rium conversion of 66.2% is calculated for the C,Hq <
C,H; + H, reaction using the W1U thermodynamic data.
The predicted conversion at the reactor outlet, 60.3%, is sim-
ilar to the industrial value of 59.9%. The mole fractions of
the major radical species -C,Hs, -C3Hs, -CHj3, -C;H3, and -H
are shown in Figure 1b. -C,Hs is the dominant radical spe-
cies, followed by the resonance stabilized -C3Hs radical. The
-CHj; concentration increases more rapidly in the second half
of the reactor because the higher temperatures favor the dis-
sociation of C,Hg to -CHj. The -C,H; radical also becomes
more important in the second half of the reactor because of
the higher temperatures and the higher C,H, concentrations
near the reactor outlet.

Even when using the computationally less demanding
high-pressure-limit rate coefficients and the CBS-QB3
enthalpies, the predicted yields of C,Hgs, C,Hy, and H, differ
by less than 3% from the industrial data. The predicted CHy
and C3Hg yields are somewhat low, while the C,H, yield is
severely over predicted. The total yield of other species
(which mainly include molecules larger than C3) is some-
what under predicted, likely because our reaction network
does not include reactions forming larger species such as
benzene. Using W1U instead of CBS-QB3 enthalpies of for-
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mation somewhat improves the predicted C,H, yield, and
brings the predicted CHy, yield of 3.3 wt % close to the ex-
perimental value of 3.4 wt %. As discussed later, sensitivity
analysis indicates that the predicted CH, yields are very sen-
sitive to the values of several kinetic parameters in the
model, with normalized yield change coefficients as large as
0.5, while the C,Hq, CoHy and H, yields are less sensitive
with coefficients well below 0.1. The sensitivity analysis
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Figure 1. Mole fraction profiles along the reactor for
the C;Hg, C5H,4, CH,;, and H, molecules (a)
and for the -C,Hs5, -C3Hs, -CHg3, -CoH3, and -H
radicals (b) for the I-hp (W1U) simulations in
Table 4.
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Figure 2. Reactor temperature and pressure profiles

for operating condition I.

Temperature profile for the I-hp (W1U) simulations: solid
line, for the I-pdep (W1U) simulations: dotted line; Pres-
sure profile for the I-hp (W1U) simulations: dashed line;

Experimental pressures: circles; Experimental tempera-
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further shows that, to a large extent, the improved CH, yield
can be attributed to the increased C,Hg dissociation rate
coefficient when using the WI1U enthalpies. A further
increase in the CH4 yield may be achieved by using a two-
dimensional PFR model as suggested by Van Geem et al,
or, as shown later, by including the effect of pressure on the
reaction rates. The predicted C,H, yield is too high in all
our simulations. This might be partially due to the neglect of
coke formation. C,H, is an important coke precursor and is
incorporated seven times faster into coke than C,H,.%° Coke
formation might hence consume some of the C,H,. How-
ever, the typical coke yield is less than 0.1 wt % during
ethane steam cracking61 and coke formation alone cannot
account for the high predicted C,H, yields. Most of the
C,H, is formed via B-scission of -C,Hj radicals, as also
reported by Matheu and Grenda.” A detailed flux balance
analysis7 demonstrates that -C,Hj; radicals also add to ole-
fins, ultimately leading to larger species such as benzene.
Under high conversion ethane pyrolysis conditions and using
a large reaction network, Matheu and Grenda find that only
25% of the -C,Hj radicals lead to C,H,, while the majority
adds to olefins, leading to products larger than Cs. Indeed,
because of the low barrier, rate coefficients for -C,H; addi-
tion to olefins are significantly higher than the
corresponding rate coefficients for -CH; or -C,Hs radicals,
while the B-scission rate coefficient for -C,H; is similar to
the value for -C,Hs (Table 3). Unfortunately, our reaction
network of 150 elementary reactions does not include many
of the reactions involving molecules larger than C;, and
hence most of the -C,H3 radicals are converted to C,H, in
our simulations. The high C,H, yield therefore seems con-
sistent with the low yield of larger molecules (‘“Others’ in
Table 4) predicted by our ab initio kinetic model.

The reactor temperature and pressure profiles for the first
set of simulations are shown in Figure 2. The simulated out-
let temperature is 20 K lower than the temperature reported
for the industrial reactor. A similar deviation is found for the
other process conditions tested. A possible reason for the
low predicted temperature is the use of a one-dimensional
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PFR model. Two-dimensional reactor simulations for a simi-
lar reactor geometry show radial temperature gradients of up
to 50 K.° In addition, one should note that the simulated out-
let temperature is very sensitive to the predicted yields. For
the first operating condition, about 80% of the reactor heat
input is consumed by the overall reaction enthalpy, while
about 20% goes to C,AT heat. The difference between the
industrial and the predicted yields increases the overall reac-
tion enthalpy by about 2%. This then leads to a 10% change
in the temperature rise along the reactor, since the reactor
heat input consumed by C,AT decreases from 20% to 18%
of the overall heat input. The pressure drop is described
accurately by the one-dimensional reactor model.

The accuracy of the ab initio kinetic model was next tested
for two additional operating conditions, one corresponding to
a pilot-scale reactor with a tubular diameter of 1 cm and a resi-
dence time of 0.64 s, and another corresponding to an
industrial split coil reactor with a lower inlet temperature of
898 K, a longer residence time of 1.2 s, and a lower ethane
conversion of 51.1%. Using the high-pressure-limit rate coef-
ficients and the CBS-QB3 reaction enthalpies (II-hp (CBS-
QB3) and III-hp (CBS-QB3) in Table 4) the predicted yields
of C,Hg, C,Hy, and H, again agree well with the experimental
data. The largest deviation, 4%, is found for the C,H, yield for
condition III. The W1U reaction enthalpies slightly improve
the predicted C,H, yields, while the effect on the predicted H,
yields and C,Hg conversions is small, as also observed for
condition I. Using W1U reaction energies again increases the
predicted CH, yield. For condition II, this improves the agree-
ment with experimental data, while for condition III this
slightly reduces the agreement. Predicted C3Hg yields are quite
accurate for condition III, but too low for condition II. Pre-
dicted C,H, yields again seem high, but no experimental data
were reported for these cases. The predicted yield for the other
products is too low, in particular for condition II. The simu-
lated outlet temperatures are again slightly low.

Summarizing, the accuracy of the ab initio kinetic model
seems to be consistent for the three cases. Predicted yields for
C,Hg, CoHy, and H, are within 5% of experimental data using
only ab initio thermodynamic and kinetic parameters. Pre-
dicted CH, yields tend to be slightly low, but generally
improve when more accurate W1U reaction energies are used.
Except for the split coil reactor (case III), they improve further
when pressure-dependent rate coefficients are used. Improving
the predicted yields of C,H,, CsHg and of molecules larger
than C; likely requires an expansion of our reaction network.

Simulations Using Pressure-Dependent Rate Coefficients.
High-conversion ethane pyrolysis simulations have indicated
that some of the reactions are in the fall-off regime, affect-
ing the yields of some of the minor products.® To evaluate
the effect of the total pressure on the rate coefficients for R,
+ R, — P, R — P; + P,, and R — P-type reactions in our
model, pressure-dependent rate coefficients were calculated
at 1000 K, 2.5 atm and with steam as the bath gas using the
QRRK-MSC method. Though more detailed Master Equation
calculations™ or simulations involving the complete pres-
sure-dependent reaction network®” would be needed to
accurately predict yields under fall-off conditions, QRRK-
MSC calculations have been found to be a reliable indicator
of the effect of total pressure on the overall yields.”’
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Table 5. k(T,P)/k.(T) Ratios for Pressure-Dependent
Reactions in the Ab Initio Kinetic Model at 1000 K, 2.5 atm
and Using H,O as the Bath Gas

Reaction k(T,P)/koo(T)

1 .CH; + -CH; — C,Hy 0.90

2 C,Hy — -CH; + -CH; 0.73

3 'C2H5 + 'C2H5 — C4H]O 1.00
4 C4H10 — ‘C2H5 + ‘C2H5 0.83

6 C3Hg — -CH3 + -C,Hs 0.89

7 .C,Hs + -H — C,Hj 0.96

8 C,Hg — -CoHs + -H 0.42

9 H + -CH; — CH, 0.85
10 C,Hy — -H + -C,H;3 0.75
11 .C3Hs + -H — C3H; 0.93
12 C3Hg — -C3Hs + -H 0.83
13 H + -C3Hy — C3Hq 1.00
14 CiHg — H + -C3Hy 0.80
16 C3H6 — CH3 + ‘C2H3 0.84
18 H, — H+ H 0.28
19 -C,H3 + -C,H; — Cy4Hg 0.99
20 C4H6 — C2H3 + 'C2H3 1.00
21 'C2H3 + ‘C2H5 i C4Hg 0.77
22 C4H8 — C2H3 + 'C2H5 0.72
23 ‘CH; + -H — CH4 0.40
24 CH, — -CH; + -H 0.34
25 -H + ‘C4H9 — C4H10 1.00
26 CiHyo — H + -CH 0.79
27 ‘H + -2-C4Ho — C4H,o 1.00
28 C4H]0 — H -+ *2-C4H9 0.80
29 ‘H + ‘2-C3H7 i C3Hg 1.00
30 CiHg — H + 2-C3H; 0.83
31 ‘H + -C4H; — C4Hg 1.00
32 C4Hg — -H+ 'C4H7 0.61
33 CH3 + 'C3H7 i C4H10 1.00
34 C4H,y — -CH; + -CsH, 0.83
35 ‘CH3 + -C3Hs — C4Hg 0.99
123 C,Hy + -H — -C,Hs 0.80
124 .C,Hs — C,H, + H 0.62
125 ‘CoHs + C,Hy — -C4Ho 0.97
126 'C4H9 — 'C2H5 + C2H4 0.80
127 ‘CH3 + C,Hy — -C3Hy 0.87
128 .C3H; — -CH; + CoH, 0.85
129 -CoH3 + C,Hy — -C4Hy 0.94
130 'C4H7 — C2H3 + C2H4 0.75
131 C,H, + -H — -C,H; 0.28
133 :CH; + C,H, — -C5H;5 0.94
135 C3Hg + -H — -C3Hy 0.97
136 .C3H; — C3Hg + H 0.74
137 CsHg + -H — -C4H; 0.98
138 .CsH; — C4Hg + H 0.76
139 C4Hg + -H — -C4Hg 0.99
140 .C4Ho — C4Hg + H 0.74
141 Cs3Hg + ‘H — 2-C3H, 0.94
142 2-C3H; — C3Hg + H 0.81
143 C4Hg + -H — 2-C4Hy 0.52
144 2-C4Hy — C,Hg + H 0.52
145 -CH; + C3Hg — -2-C4Hy 0.76
146 2-C4Hy — C3Hg + -CH; 0.73
147 -C3H; — -2-C3Hy 0.75
148 2-C3Hy — -C3H; 0.80
149 -C4Hy — -2-C4Ho 0.75
150 '2-C4H9 — 'C4H9 0.50

High-pressure-limit rate coefficients for the reverse reactions were calculated
using the W1U enthalpies of formation.
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The ratios of the pressure-dependent rate coefficients k(T,P)
to the high-pressure-limit rate coefficients k..(7T) are summar-
ized for the affected reactions in Table 5. W1U enthalpies of
reaction were used to calculate the high-pressure-limit rate
coefficients. As shown in Table 5, most of the reactions show
a modest effect of the total pressure under the conditions used
in the simulations, though the effect is typically less than a
factor two. For reactions of the type A + B < AB" — AB,
the dissociation rate of AB" — A + B increases with tempera-
ture. At high temperatures, the dissociation rate of AB” begins
to compete with the stabilization of AB” to AB through colli-
sions and the overall rate A + B — AB reduces. The overall
rate of AB < AB" — A + B type reactions also reduces at
low bath gas pressures, as illustrated by a typical Lindemann
mechanism.” Though the reduction of the rate coefficients
due to fall-off is generally less than 50%, the rate coefficients
for the reactions H, — -H + ‘H, -CH; + -H — CH4, CH; —
CH3 + -H, C2H2 + ‘H — 'C2H3, and 'C2H3 - C2H2 + -H
are reduced to less than 40% of their high-pressure-limit rate
coefficients. The fall-off behavior of these reactions can be
expected to affect the yields of C,H, and CHy.

The steam cracking of ethane was next modeled for the
three operating conditions using pressure-dependent rate
coefficients (Table 4, I-pdep, II-pdep, IlI-pdep). Pressure-de-
pendent rate coefficients change the yields of C,Hs, CoHy
and H, by less than 2% for all three conditions. This is con-
sistent with the simulations by Matheu and Grenda.® The use
of pressure-dependent rate coefficients however increases the
predicted CH, yields by about 10% and decreases the C,H,
yields by 15 to 25% for the three cases. As discussed, the
change in yields also affects the predicted temperature rise
along the reactor. For all three cases, slightly less heat is
used for the overall reaction, and a somewhat larger temper-
ature rise is simulated. This further improves the predicted
outlet temperatures. The limited effect of pressure-dependent
rate coefficients on the yields of C,Hg, CoHy, and H, seems
to be related to the limited sensitivity of those yields to the
kinetic parameters. The yields for those three products are
likely dominated by their thermodynamic properties, and
fall-off effects have a limited influence on the ratio between
the forward and reverse rate coefficients (Table 4). Yields of
CH, and C,H, are sensitive to the rate coefficients of several
of the reactions that are predicted to be in the fall-off regime
and are hence expected to change.

Sensitivity Analysis. To identify the kinetic parameters
which have the largest effect on the predicted yields, a sensi-
tivity analysis was conducted for the yields of C,Hg, C,H4,
H,, CHy, CoH, and C3Hg and for the simulations using high-
pressure-limit rate coefficients and W1U reaction enthalpies
(case I-hp (W1U) in Table 4). To identify important reactions,
the normalized yield change coefficients (Eq. 3) were calcu-
lated by increasing both the forward and reverse rate
coefficients for each reaction pair by 10%. Note that this
approach does not change the equilibrium coefficient for the
reaction pair and hence maintains thermodynamic consistency.

Normalized yield change coefficients are shown in Figure
3 for the six major products. From Figure 3, it is clear that
the normalized yield change coefficients for C,Hs, C,oHy,
and H, are smaller than the coefficients for CH,, C;H,, and
C3Hg. The predicted C,Hg, CoHy, and H, yields are hence less
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Figure 3. Normalized yield change coefficients (Eq. 3) for the major products C,Hg, C5H4, Hy, CH,4, CoH, and C3Hg
for the I-hp (W1U) set of simulations in Table 4.

Only reactions with a yield change coefficient larger than 0.01 for C,Hg, C,Hy, and Hy, larger than 0.02 for C,H,, and larger than 0.05

for CH4 and C5Hg are included.

sensitive to the values of the rate coefficients and are mainly
determined by the thermodynamic parameters in the kinetic
model. Indeed, increasing the rate coefficients for any of the
reaction pairs in the model by a factor two changes the predicted
yields for those three products by less than 10%. The C,Hg yield
shows a modest sensitivity to the rate coefficients of the C;Hg =
-CH;3 + -CHj initiation reaction and to the rate coefficients of
the -C,Hs + -C,Hs = C4H( reaction. Increasing both the for-
ward and reverse rate coefficient of the C;Hg = -CH; + -CHjy
reaction increases the concentration of -CHj radicals along the
reactor. This increases the C,Hg conversion, and also the yields
of C,H,, CHy, C5Hg, and C,H,. The yield of C,H, is most sensi-
tive to the rates of the hydrogen abstraction reactions, CoHg +
-H = -C,H5 4+ H, and also to the rates of the -C,Hs + -C,Hs =
C,4H,( reactions, which are a net consumer of -C,Hj5 radicals.
The CH4, C,H,, and CsHg yields are much more sensitive
to the calculated transition state properties, with normalized
yield change coefficients of 0.52, —0.28, and —0.40, respec-
tively. A 10% increase in the rates of the CoHgs = -CHjz +
-CHj reactions is calculated to change the CH, yield by
5.2%, while a 10% increase in the rates of the CoHg + -H =
-C,Hs + H, reactions decreases the CH, yield by 5.1%.
Indeed, the yield of CH, will decrease while the H, yield will
increase if more C,Hg is consumed by hydrogen abstraction by
-H radicals. The kinetics of the C,H; + -H = -C,H;5 reactions
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are also important for the CH, yield, as also reported before.*
C3Hg is mainly formed via the B-scission of -CsH; radicals
and the C3Hg yield is sensitive to the kinetics of these reac-
tions. Again, this reaction was identified by Matheu and
Grenda’ and by Van Geem et al.® The normalized yield
change coefficient of —0.40 indicates that a 2.0 kJ/mol
increase in the enthalpy of formation of the transition state for
this reaction will increase the C3Hg yield by 11%. Finally, the
sensitivity analysis identifies reactions involving -C,Hj radi-
CalS, i.e., C2H4 + -H = H2 =+ 'C2H3 and 'C2H3 = C2H2 =+ 'H,
as kinetically important to predict accurate C,H, yields. Again,
this finding is consistent with literature reports.

Conclusions

An ab initio kinetic model consisting of 150 reversible ele-
mentary reactions and involving 20 species was constructed to
simulate steam cracking of ethane. The thermodynamic and ki-
netic parameters in the model were obtained from CBS-QB3
and W1U quantum chemical calculations in combination with
transition state theory. The importance of pressure-dependent
rate coefficients was evaluated using the QRRK-MSC approach,
but was found to be relatively minor under typical industrial eth-
ane steam cracking conditions. The accuracy of the ab initio
kinetic model was tested for three operating conditions reported

Published on behalf of the AIChE DOI 10.1002/aic 2469



in the literature; an industrial reactor with a conversion of 60%
and a residence time of 0.93 s, a pilot-scale reactor with a similar
conversion, and an industrial split coil reactor with a conversion
of 51% and a residence time of 1.2 s. C,Hg conversions, C,H,
and H, yields were predicted with an accuracy of better than 5%
for the cases tested. The predicted yields of CH,, C,H, and
C3;Hg were found to be particularly sensitive to the accuracy of
the kinetic parameters. Despite this high sensitivity, the pre-
dicted methane yields of 3.3, 2.3 and 2.8 wt % are comparable
with experimental yields of 3.4, 3.0 and 2.2 wt %, respectively.
Predicted C,H, yields are somewhat high, which could be attrib-
uted to the limited size of the reaction network. Finally, to put
the accuracy of the predicted yields and conversions into per-
spective, it should be noted that the MAD of 1.9 kJ/mol between
the CBS-QB3 and the experimental enthalpies of formation
translates to a 26% uncertainty in the predicted equilibrium coef-
ficients at 1000 K.

This work hence illustrates that standard state-of-the-art
quantum chemical calculations have become sufficiently accu-
rate to begin to predict conversions and selectivities for large
scale industrial processes such as ethane steam cracking. An
extension to other complex radical reactions such as combus-
tion, radical polymerization, and atmospheric chemistry can be
envisioned. Ethane steam cracking was selected to limit the
size of the reaction network, but the construction of a predic-
tive ab initio kinetic model for naphtha and vacuum gasoil
feedstock is in principle possible. For such large reaction net-
works, automated network generationls’l&27 becomes
indispensable, and group contribution methods,?>**2° group
additivity methods'*>"*** or structure-activity relation-
ships'>?’ will be required to keep the number ab initio
calculations tractable. Fortunately, the parameters for these
methods can and have been derived from a limited set of accu-
rate ab initio calculations.>'°
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Notation

Cp = heat capacity, J/(mol K)
co = concentration in the standard state to which the
translational partition function is referred, mol/m3
AE(0 K) = energy difference between the transition state and the
reactants at 0 K, including zero-point-energy, kJ/mol
h = Planck constant
A¢H = standard enthalpy of formation, kJ/mol
k(T) = rate coefficient, m*/(mol s)
kg = Boltzmann constant
kcyr(T) = canonical variational transition state theory rate coefficient,
m>/(mol-s)
koo(T) = high-pressure-limit rate coefficient, m®/(mol s) or 1/s
= pressure, atm
= partition function of species i
gas constant, J/(K-mol)
= reaction coordinate, pm
= temperature, K
yield of species i

i

N 3~

Wi
Greek letters

«(T) = tunneling correction factor
L; = normalized yield change coefficient for species i and
reaction j
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Subscripts and superscripts

R = reactant
TS = transition state
out = reactor outlet
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