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A-type cracking, 137
Acetylene, experimental yield, 217
Acid catalyst, 195
Adams method, 81
Adams-Moulton method, 86
Aromatic(s)

alkyl, 197

reactions, 168-172

saturation, 151
Aromatization, 39, 111, 116, 198
Asphaltenes, 23
Atomic connectivity, 13
Automated model building, 4, 5, 153, 177-178

B-scission, 130, 189, 206, 209-210
B1-type cracking, 137
B2-type cracking, 137
Benzene, 42, 109

experimental yield, 217
Benzoic acids, hydrolysis of, 66
Benzothiophenes, 146, 174
Boiling point, 13
Bond-electron matrix representation, 36
Bond fission reactions, 17
Boolean matrix multiplication, 5
Branch number, reactions as function of, 129
Butadiene, 205

experimental yield, 217
Butane, 118
Butene, experimental yield, 217
Butylcyclopentane, 117

C

C8 hydrocracking, 83
C16 paraffin hydrocracking model, 126
characteristics, 134
extension to C80 model, 137-138
at mechanistic level, 134
validation, 135
C-type cracking, 137
Carbenium ion, 36, 126
olefin transformation to, 127

Carbon number, 44, 47
DHC rate and, 114
reactions as function of, 129
Catalytic hydrocracking, 165
carbon center modeling, 4
LFER in, 70-75
linear free energy relationships in, 70-75
Catalytic hydroprocessing, 159
Catalytic reforming, 1, 4, 109, 110, 221, 222,
230
C14 naptha model, 121, 226
model, reaction rules for, 113
pathways, 112
reaction rules for, 113
Coking, 117, 126, 192-193
Computational fluid dynamics model, 47
Conditional probability, defined, 21
Cracking reactions, 196197
isoparaffin, 196-197
olefin, 197
paraffin, 196
side-chain, 197
Cyclopentadiene, 117
Cyclopentanes, 117
Cyclopropane, protonated, isomerization of,
129

D

DASSL, 83

Dealkylation, 111, 116-117, 126

Dehydrocyclization (DHC), 111, 112-114

Dehydrogenation, 39, 111, 116

Denitrogenation, 144, 145, 151-152

Deprotonation, 129, 190

Desulfurization, 144, 145

Dibenzothiophenes, 146, 174

Diels-Alder condensation, 117, 206, 207,
210-211, 213

EqnGen, 92, 221, 225

Ethane, 5, 17, 36
bond-electron matrix representation, 36
from butane cracking, 118
fission reaction, 36
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formation, 118, 137, 173, 217
initiation example, 37
from naphtha pyrolysis, 217
pyrolysis, 5, 94, 206
delayed coking vs., 39
model, 38
reaction modeling for, 35, 38
Ethyl carbenium ion, 36
bond-electron matrix representation, 36
Ethyl radical, 36
bond-electron matrix representation, 36
Ethylcyclopentane, 117
Ethylene, 209, 212, 215
bond-electron matrix representation, 36
Diels-Alder reaction and, 211
experimental yield, 217
major source, 205
Evans-Polyani principle, 58

F

Feedstock(s)
analytical characterization, 13—14
atomic connectivity, 13
boiling point, 13
characterization, 166—167
predicting product properties from, 99
chemical characteristics, 13
classification, 206
construction, 166-167
discrete integer values, 19
H/C ratio, 13
hydrocarbon analysis, 13
major source of, 205
molecular structure and composition model-
ing of complex, 222-223
molecular weight, 13
optimal representation of, 22-24
selection, 183
size, 24-25
Fluid catalytic cracking, 221, 229
mechanistic modeling, 184-191
as basis for pathways level modeling, 194
model pruning strategies for, 184—191
parity plot for, 193
pathways modeling vs., 194
reaction families, 187-188
rules for, 189-190
molecular modeling, 183-203
diagnostics, 193
kinetics, 191-193
coking, 192-193
intrinsic, 191-192
mechanistic, 184-191

rules based reaction, 184-191
parity plots, 202
pathways level modeling, 194-202
approach, 195-198
coking kinetics, 198-199
diagnostics and results, 199-202
gas oil composition, 199
mechanistic modeling vs., 194
reactions
aromatization, 198
cracking, 196-197
hydrogenation and dehydrogenation,
198
isomerization, 197
methyl shift, 198
rules for, 195-198
purpose, 183
rules based reaction modeling, 184-191
reaction rules, 184-186
stochastic rules, 186, 190-191

G

Gas oil hydrocracking, 83, 160, 196
Gas oil hydroprocessing, 159-181, 228-229
aromatic and hydroaromatic reactions, 168,
170-172
automated kinetic modeling, 160-178
approach, 160-165
development, 166-178
kinetics, 175-177
model development, 166178
rules, at pathway level, 166
feedstock characterization and construction,
166-167, 169, 170
model
development, 166—178
statistics of, 178
naphthene reactions, 172-173
of nitrogen compounds, 174-175
olefin reactions, 173
paraffin reactions, 173
pathway level modeling, 63, 83
product conversion profiles, 180
reaction families, 167-175, 195
matrices for, 162-165
at pathway level, 161
statistics, 178
of sulfur compounds, 173-174
Gauss-Laguerre quadrature method, 26
GEAR, 84
GEARB, 84



Index

GREG routine, 96, 97, 120, 135, 154,
216

H

H/C ratio, 13
Heavy gas oil hydroprocessing, 180
Heavy paraffin hydrocracking, 226-227
B-scission in, 130
at branch number level, 46, 48, 54, 138
isomorphism algorithm applied at, 46, 48,
227
reduction pathways at, 138
at carbon number level, 46, 48, 54, 138
isomorphism algorithm applied at, 46, 48,
2217
reduction pathways at, 138
dehydrogenation and hydrogenation in, 127
hydride and methy] shift in, 128-129
inhibition reaction in, 130-131
mechanistic reaction families, 124, 125
molecular-based kinetic modeling of,
123-139
kinetics of, 133
model
automated, 131-133
C16, 134, 137-138
development of, 126-134
PCP isomerization in, 129
protonation and deprotonation in, 127-128
reaction families, 127-131
reaction mechanism, 126-127
Heptane, 200, 201
n-Heptane cracking, 42
reaction network building of, 45
Hexadecane, FCC model, 200, 201, 202
n-Hexane
cracking, 50
cyclization to methylcyclopentane, 114
Hydride abstraction, 189
Hydride shift, 128-129, 189
Hydroaromatics, reactions of, 168-172
Hydrocarbon analysis, 13
Hydrocarbon pyrolysis, 4, 205
Hydrocracking, 4, 111, 114-115, 165, 221
catalytic (See Catalytic hydrocracking)
inhibition reaction in, 130
model, 134
Hydrodenitrogenation, 159, 160
Hydrodesulfurization, 98, 109, 141, 159, 160
Hydrogenation, 39, 200
Hydrogenolysis, 39, 53, 62, 110, 111, 112
defined, 115
of isoparaffins, 113
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mechanisms, 115

at metal sites, 127

naphthene, 119

nonselective, 115

reaction matrix, 112, 115

selectivity, 115
Hydroisomerization reaction networks, 48
Hydroprocessing, 1, 4, 221

reaction families, 161
Hydrotreating, 1, 4, 221

at pathways level, 155

Isomerization, 197
naphthene, 111, 116
olefin, 200
paraffin, 110, 111, 115-116, 119
protonated cyclopropane, 129, 189
Isomorphism algorithm, 38, 55, 138
generalized, 45-47, 54
late lumping and, 48
as on-the-fly lumping tool, 4547, 54
Isoparaffin(s), 23, 27, 28
cracking reactions, 196-197
dehydrogenation, 127
hydrogenolysis, 115

)

Jacobean matrix, 81, 83, 86
Joback group contributions method, 99

K

Kerosene, 18, 19
Kinetic model(s)
approach, 2
lump, 3
candidate, 83
chemistry-free, 1
complex, 1, 3,4
detaijled, 2
advantages of, 3
automated, 4
complexity of, 3
development process, 58
fundamental, 5
parameters, 57
problems associated with, 57
template, 6
differential equations, 79
stiffness in, 81
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guidelines for solving, 88-89
levels, 2, 58
mathematical representation, 79
mechanistic, 3, 87-88
molecule-based, 5-6
pathways, 3, 86-87
sparseness, 82-83
stiffness in, 81
validation, 119-121
Kinetic Modeler’s Toolbox, 7,91, 92-104, 221,
225-226
development and model delivery, 100-103
data issues, 102
document issues, 103
lessons learned, 103
platform and porting, 100-102
user interface issues, 102103
document issues, 103
end-to-end optimization strategy, 99
modules
model equation generator {EqnGen), 95
model solution generator (SolGen), 95-96
molecular generator (MolGen), 92-94
reaction network generator (NetGen),
94-95
objective function, 98
optimization algorithm, 96-97
parameter optimization and property
estimation, 96-100
parameter optimization framework, 92, 96
platform and porting, 100-102
property estimation of mixtures, 98-99
user interface issues, 102-103
uses, 100
Kinetic modeling
algorithm
naphtha reforming, 117
approaches, 4-5, 110-111, 142-144
automated computer-generated, 5
structure-oriented, 45
complexity of, 2, 3
development, 144153
guidelines, 3889
of heavy paraffin hydrocracking, 123-139
historical perspectives, 4
levels of, 2
mathematical background, 8085
mechanistic approach, 123-126
mechanistic-level, 87-88
molecule-based, 2, 3
strategy, 5-6
naphtha reforming, 109-121
pathways-level, 86-87
Kinetic rate, 224

laws, 59-65
Kinetics, 175-176

L

Langmuir-Hinshelwood-Hougen-Watson
formalism, 59, 6061, 110, 175-176,
195
LFERSs. See Linear free energy relationships
(LFERs)
LHHW formalism. See Langmuir-Hinshel-
wood-Hougen-Watson formalism
(LHHW
formalism)
Light gas oil, 27-30
analytical properties, 27, 30
construction algorithms, 28
PDF parameters, 28, 29
quadrature molecules, 29, 30
Linear free energy relationships (LFERs),
65-69, 110, 124, 221
in catalytic hydrocracking, 70-75
LSODA. 83, 84, 225
LSODE, 83, 84, 86, 225
Lumping, 2, 3, 4, 194, 206

M

Mechanistic modeling, 35, 184-191
advantages, 205-206
of heavy paraffin hydrocracking, 123-139
kinetics, 87-88
reaction families, 206
B-scission, 206
Diels-Alder condensation, 206
hydrogen abstraction, 206
initiation, 206
radical addition, 206
ring closure, 206
ring opening, 206
termination, 206
stiffncss in, 194
Methane, experimental yield, 217
Methyl carbenium ion, 129
Methyl radical, 36, 210
Methy] shift, 128-129, 189, 198
Methylcyclopentane, 117
Molecular structure modeling
goal, 183
at mechanistic level (See Mechanistic
modeling)
Monte Carlo construction, 21-25
optimal representation, 22-24



Index 235

sample size, 24-25 hydrogen abstraction, 208-209
sampling protocol, 21-22 initiation, 208
at pathway level (See Pathway level model- parameter estimation, 215-216
ing) radical addition, 210
probability density function and, 15-21 reaction families, 211-214
appropriate forms, 18-19 reaction rules, 208211
for complex mixtures, 16-17 ring closure, 206
conditional probability and, 21 ring opening, 206
discretization, truncation, and termination, 211
renormalization, 19-21 Naphtha reforming, 159, 226
structural attributes represented by, 17-18 aromatization in, 116
quadrature molecular sampling, 25-27 coking in, 117
fine-tuning representation, 27 dealkylation in, 116-117
sampling protocol, 25-26 dehydrocyclization in, 112-114
stochastic approach, 14-27 dehydrogenation in, 116
Molecular weight, 13 hydrocracking reaction, 114-115
MolGen, 92, 103, 221, 225 hydrogenolysis in, 115
Monte Carlo construction, 21-25 kinetic modeling, 109-121
optimal representation, 22-24 algorithm for, 117
sample size, 24-25 model, 111-119
sampling protocol, 21-22 automated, 117-118
MOPAC, 133 for C14, 118-119
Multi-level single linkage algorithm, 97 characteristics, 119
validation, 119-121
N development of, 111-117
naphthene isomerization in, 116
Naphtha hydrotreating, 141-157, 227-228 paraffin isomerization in, 115-116
aromatic saturation in, 151 reaction families, at pathway level, 112
automated model building, 153 Naphthene(s), 23, 27, 28, 57, 195
denitrogenation in, 151 cracking reactions, 200
desulfurization and saturation in, 145-146, hydrogenolysis, 115
150 isomerization, 111, 116
model, 154-155 paraffin conversion to, 112
automated, 153 reactions, 172~173, 200
development of, 144-153 NetGen, 92, 103, 117, 221, 225
optimization and validation of, 154 Nitrogen compounds, 174-174
statistics of, 154 NMR, 6, 92
molecular-based kinetic modeling, 141-157, ~ Nuclear Magnetic Resonance, 6, 92
227-228
approach to, 142-144 O
model, 154-155
automated, 153 ODEPACK, 84
development of, 144-153 Olefin(s), 23, 57, 195
optimization and validation of, 154 cracking reactions, 197, 200
statistics of, 154 hydrogenation, 142, 144, 151
olefin hydrogenation in, 151 isomerization, 200
reaction families, 144152 from paraffin dehydrogenation, 127
reaction kinetics, 152 reactions, 173
sulfur compounds in, 145-146, 150 transformation to carbenium ion, 127
Naphtha pyrolysis modeling, 207-218, 229 Optimization algorithms, 96-97
B-scission, 209-210 Ordinary differential equations, 79, 194
diagnostics, 214-215 stiffness, 194, 224

Diels-Alder reaction, 210-211
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P

Paraffin(s), 21, 23, 27, 57, 195

branch number, 116
Cle, 38
carbon number, 44, 47
conversion to naphthenes, 112
cracking reactions, 196, 200 (See also Heavy
paraffin hydrocracking)
C16 maodel, 126
characteristics, 134
extension to C80 model, 137-138
at mechanistic level, 134
validation, 135
C80 model, 137-138
heavy, 123-139 (See also Heavy paraffin
hydrocracking)
mechanistic reactions, 123-126
via dual site mechanisms, 124
over bifunctional amorphous catalysts,
126
reaction mechanism, 138
dehydrocyclization, 112-114, 117
dehydrogenation, 126, 127
hydrogenation, 127
hydrocracking, 114-115
hydrogenolysis, 115
isomenization, 110, 111, 115-116, 119, 200
larger-carbon-number, 44
reactions, 173
smaller-carbon-number, 44
Parameter optimization and property estimation
(ParOpt), 96~-100
end-to-end optimization strategy, 99
framework, 96
objective function, 98
optimization algorithms, 96-98
property estimation of mixtures, 98-99
Pathway level modeling
advantages, 194
algorithm, 117
as alternative 1o mechanistic modeling, 184
development, 203
of gas oil hydroprocessing, 63, 83
of heavy paraffin hydrocracking, 63
incorporation of mechanistic ideas in, 121
kinctics, 8687
LHHW formalism, 65
of naphtha hydrotreating, 63
of naphthta reforming, 63, 112
rate laws, 58, 63-65
reaction, 110
reaction families at
gas oil hydroprocessing, 161
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naphthta reforming, 112
rules, 166
SolGen optimization, 97
solution time, 199
tests, 199
Pentadiene, experimental yietd, 217
Petroleum feedstocks, 159. See also Feed-
stock(s)
Petroleum fractions, 19
Petroleum refining processes, 221
Petroleum resids, 18, 19
PIONA, 23
SARA, 23
PIONA, 23, 167
Polanyi relationship, 125
Probability density function(s), 11, 15-21, 188
appropriate forms, 18-19
for complex mixtures, 16-17
conditional probability and, 21
defined, 14
discretization, truncation, and renormaliza-
tion, 19-21
structural attributes represented by, 17-18
Propylcyclopentane, 117
Propylene, 205
experimental yield, 217
Protolytic cleavage, 189
Protonated cyclopropane isomerization, 129,
189
Protonation, 129, 190
Pt-Zeolite catalyst, 137
Pyrolysis, 221. See also Thermal cracking
ethane, 5, 39, 94, 206
hydrocarbon, 4, 205
modeling, 207-218 (See also Naphtha pyrol-
ysis modeling)
naphtha
modeling of, 207-218, 229
B-scission, 209-210
diagnostics, 214-215
Diels-Alder reaction, 210-211
hydrogen abstraction, 208~209
initiation, 208
parameter estimation, 215-216
radical addition, 210
reaction families, 211-214
reaction rules, 208-211
ring closure, 206
ring opening, 206
termination, 211

Q
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QSRCs. See Quantitative structure reactivity
correlations
Quadrature molecular sampling, 25-27

stochastic rules for reaction site sampling,
47-48

properties, 51-54

fine-tuning representation, 27
sampling protocol, 25-26
Quantitative structure reactivity correlations, 6,
110, 124, 133-134, 191, 221

R
Reaction families, 144-152, 167-175, 195, 206,
211-214
acid, 53

fB-scission, 206

Diels-Alder condensation, 206

fluid catalytic cracking, 187-188

heavy paraffin hydrocracking, 127-131

hydrogen abstraction, 206

hydroprocessing, 161

initiation, 206

matrices for, 162-165

metal, 53

at pathway level, 161

radical addition, 206

ring closure, 206

ring opening, 206

termination, 206

thermal, 53

Reaction networks, 39-54

building and control techniques, 39-51
deseeding, 4345
isomorphism algorithm as on-the-fly

lumping tool, 4547
isomorphism-based late Jumping, 48
postprocessing methodologies, 48-51
preprocessing methodologies, 3945
rule-based model building, 39, 41-42
seeding, 4243
in situ processing methodologies, 45—48
species-based and reaction-based model
reduction, 48-51

Reaction pathway degeneracy, 47, 118
Reaction rules

for acid chemistry, 40

for metal chemistry, 39

for thermal chemistry, 40
Resins, 23

Runge-Kutta method, 81

S

Saturation, 39

Side chain cracking, 197

SIMDIS, 6, 92, 167

Simulated annealing, 96-97

Simulated Distillation, 6, 92, 167

SolGen, 92, 103

Stiffness, 194, 224

Stochastic modeling, 11, 47-48
flow diagram, 12
uses, 6

Stoichiometry, 117
coefficient of, 193
hydrogen, 73

Sulfur compounds, 141
classification, 145-146, 150
reactions, 173-174

T

Thermal cracking, 1, 4. See also Pyrolysis
Thermodynamic equilibrium constants, 127
Thiophenes, 146, 174

Toluene, 18, 42, 109

Xylenes, 42, 43, 109





