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The heart of a petrochemical plant
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The heart of a petrochemical plant

Steam cracker
78 ;I Ethylene

Polyolefin

plants,...
€=ilE  Benzene -
— i o E— A

Radiators




Public defence, Ghent, Belgium, 26/09/2014

Crash course hydrocarbon chemistry

Hydrocarbons is a chain of carbon atoms linked to hydrogen

Carbon

Hydrogen

Carbon number = Number of carbons in the chain

Elemental composition = Relative amount of H, C, ... on a 100% scale (weight
based or mole base)

Branched hydrocarbons = Carbons with branches instead of a straight chain

Cracking = Breaking of those chains to form smaller unsaturated hydrocarbons
New bonds can off course also be formed during the process
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Crash course hydrocarbon chemistry

Unsaturated hydrocarbons have a double bond between two
carbon atoms
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Ethylene Propylene

It is this double bond that provides the reactivity needed for
the downstream processes and makes these molecules
special
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Crash course hydrocarbon chemistry

Radical are species that have a missing bond

§

r

™

.
This missing bond makes them very reactive and unstable

These are important intermediate species for steam cracking
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Developing of a model for steam cracking

Simulation
model

Fundamental
reactor model
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Plug flow reactor model

heat
! ‘ Products

Molecules and radicals move as a plug through the reactor and each individual
plug does not influences other plugs

Feed

Energy (heat) can go in or out of the reactor

Mass balances (Ngpegies) Energy balance (1)
dF: Ny i dT, s
el v |0 ZFij,j—z wCI+QZTk-(—AHk)
d kj'k _ dz
“ k=1 J=1 k=1

Momentum balance (1)

dpt.g 2f 4 5 dv,
dz _(di—2d6+nrb Pa¥s = Pa¥ g,
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Developing of a model for steam cracking
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Main reaction families

Reaction Families:

Bond dissociation and radical recombination
R,-R, R, + R,

Hydrogen abstraction (inter- and intramolecular)

R,-H + R, R; + R,-H

Radical addition and [-scission (inter- and intramolecular)

R, + R>=R, R;-R,-R3

- Need to limit the reaction size

11
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u radical hypothesis

M hypothesis =
Monomolecular reactions dominate for long chain radicals (#C>5)

Bond dissociation and radical recombination

R,-R, = R; + R,

Hydrogen abstraction (inter- and intramolecular)

Ri-HR#RR> =R HRRRH

Radical addition and B-scission (inter- and intramolecular)

R; + R>=R,= R,-R,-Rj

.o R
R1-R5=Rj R Z\Rg
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Decomposition scheme: hexane

B molecules
QSSA species
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Decomposition scheme: hexane (2)

Applying QSSA reduces this reaction scheme to:

ny |¢Pseudo(y N |, PSeudo
nC, R 3K k= ()

 Drastic reduction of the
number of species to
need to be considered
In the final ODE’s

S+ RH

14

 Drastic reduction of the
number of reactions



B network
Bi- and monomolecular
reactions for 3 radicals
Ri-R,——R; + R,

R,-H + R, ——R; + R,-H
R; + R5=R; == R;-R,-Rj

I

1324 reversible reactions
51 molecules
43 radicals
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Microkinetic network

M network
Monomolecular reactions

for u radicals
R,-R, — R; + R,
Ry-R;-H == H-R,-R;
R; + R3=R3 =—— R;-R,-R}

S
R1-R3=R3 —~ {7~ Z\R;,,

1 1
13584 schemes
676 molecules
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Validation radiant coil
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Fundamental modeling approach

Analytical
techniques
Simulation
model
GOXGO Fundamental
reactor model
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1-dimensional chromatography

Injector
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Signal

Time 18
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GC x GC

Detector

Injector

Signal

Time 19
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1D to 2D chromatogram

Raw 2D chromatogram _ 3D plot

BAZ22222

Color plot
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Dalltge et al., J. Chrom. A 2003 20
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GC x GC — FID/TOF-MS

Quantitative but no direct identification possible
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SCD

* Roof tile structure helps
identification

Diaromatics
e Overlap of sulfur

C12 containing hydrocarbons
o1 cl4 with pure hydrocarbons

* Not all sulfur containing
, hydrocarbons can be
‘ found with TOF-MS due
to high differences in

// concentration
C11 benzothiophene

C12 benzothiophene

N
N



Public defence, Ghent, Belgium, 26/09/2014

GC x GC - SCD

Again no direct
identification is possible
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GC x GC - SCD (2)

Second dimension retention time (s)
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Ca‘ibration mixture
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GC x GC - NCD

Again no direct
identification is possible
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SPE -GC xGC - TOFMS
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GC x GC - NCD
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GC x GC — FID/SCD/NCD

P I MN DN |[MA NA DA NDA TA|Pd An QO In Ac Ca| T BT NBT DBT]| Ph | Tota

0.00 0.00 [ 0.O0O 0.00| 0.00 000 000 0.00 0.00|0.01 0.00 000 0.00 0.00 0.00|0.24 000 0.00 0.00 |0.00| 0.25
162 230|000 0.00(000 000 000 000 000|004 000 000 000 000 000(025 000 000 000|000 421
226 148 | 000 000|011 000 000 000 0.00(f0.11 002 0.00 0.00 0.00 0.00|0.16 0.00 0.00 0.00 (0.07]| 4.19
220 198 | 000 000|070 0.00 000 000 0.00f(0.26 0.05 0.00 0.01 0.00 0.00|010 0.02 0.00 0.00 (011} 541
236 224|057 000|168 0.00 000 000 0.00(047 007 001 006 0.00 0.00|0.07 014 0.00 0.00 (012} 7.79
233 153|086 000|178 039 005 000 0.00(0.15 011 0.08 017 0.00 0.00|0.04 033 0.00 0.00 (0.05]| 7.87
233 118 | 109 000|136 033 040 001 0.00(0.18 011 017 028 0.00 0.00|0.03 033 0.00 0.00 (0.00| 7.77
236 098|121 001]09 02 101 016 0.00(012 0.08 019 030 0.00 0.00/0.03 020 0.01 0.01 ([0.00| 7.84
13 | 231 141|114 013|088 042 108 020 0.00(0.18 0.03 012 016 0.00 0.02]|0.02 0.06 0.00 0.03 [0.00| 8.19
14 | 228 109|106 014|062 034 076 040 0.03(0.17 000 0.03 014 0.01 0.02]|0.00 0.03 0.00 0.08 [0.00| 7.20
15 | 224 106|091 025|081 026 041 033 0.17(0.13 0.00 0.00 0.00 0.02 0.00|0.00 0.01 0.00 0.04 [0.00| 6.65
16 | 222 071|078 018|050 016 024 016 040(0.10 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 5.43
17 | 209 085|088 010|049 011 014 010 0.14(0.05 0.00 0.00 0.00 0.00 0.00|{0.00 0.00 0.00 0.00 |000[| 494
18 | 200 081|092 009|030 0.09 003 007 0.00(f0.03 000 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 4.33
19 | 165 073|058 009|022 0.09 000 000 0.00(f0.00 000 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 3.40
20 | 155 048|076 006|020 000 000 000 0.00(0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 3.03
21 | 137 038|058 007]018 000 000 000 0.00(0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 2.59
22 | 136 037|043 005|010 0.00 000 000 0.00({0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 2.30
23 | 113 032|028 004)|005 000 000 000 0.00f0.00 0.00 000 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (000| 1.81
24 |09 025|020 001]003 000 000 000 0.00f0.00 0.00 0.00 0.00 0.00 0.00|0.00 000 0.00 0.00 (0.00| 1.38
25 | 078 0.07 016 000|000 000 000 000 0.00f(0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 1.00
26 | 0.60 0.08 | 0.09 0.00| 000 000 000 000 0.00f0.00 000 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 0.77
27 | 046 0.06 | 008 000|000 000 000 000 0.00f0.00 000 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 0.60
28 | 031 005|005 000|000 000 000 000 0.00f0.00 000 000 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 0.40
29 | 021 003|003 000|000 000 000 000 0.00f0.00 000 000 0.00 0.00 0.00|0.00 0.00 0.00 0.00 (0.00| 0.27
30 | 013 003|003 0.00|000 000 000 0.00 0.00]|000 000 0.00 0.00 0.00 0.00|0.00 000 0.00 0.00|0.00| O.18
31 | 005 002|002 0.00|000 000 000 0.00 0.00]|000 000 000 0.00 0.00 0.00|0.00 000 0.00 0.00|0.00f 0.09
32 | 003 002|002 0.00|000 000 000 0.00 0.00]|000 000 0.00 0.00 0.00 0.00|0.00 000 0.00 0.00|0.00f 0.07
33 | 002 001|000 0.00]000 000 000 0.00 0.00]0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 |0.00| 0.03
Total [39.08 20.50(12.71 1.21 |11.00 243 414 142 0741198 046 059 110 0.04 004|093 1.10 001 0.16 | 0.34]100.00

REBowo~ould
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Fundamental modeling approach

"An alytical\ /" Goal Reactor geometry N
techniques Operating conditions

Standard Feedstock Simulation \=—2>Product
methods pI‘O[iI‘tIeS E model < == specs
\

Feedstock
reconstruction

Microkinetic Reactor
model model

v ¥

Fundamental
reactor model

GCxGC
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Feedstock reconstruction

SIS : "
" -~ recBAERA¥tion 6etalled composmoh
verage molecular maxmzatmrt> s p%ntit
. y

weight | f
Elemental composition |_| [ * Mole or mass fractions ]
Molecular

library

Specific density
Global PINA analysis
Boiling point data
(e.g. D2887 simdist)
Aromatic Sulfur

/MAX\S(yi ) = _TZ:Ml‘,yi In(Yi) ith

+ P0pPhsEAIaEs from mixing gHe sHExamelerknown
i — < y;Mw, mole fra_ ilons
d i=1 diZ y.Mw, Mw,, =2, YiMw,

i=1 J
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Results: Sulfur containing hydrocarbons

Mass fraction (wt%)
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Results: Hydrocarbons
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Fundamental modeling approach

/Analytical )

techniques

Standard Simulation
methods model
Feedstock
reconstruction

Fundamental

GCxGC reactor model
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Decreasing simulation time

 Chemical techniques
= simplify kinetic mechanism by network reduction

o Mathematic=d téebhjgees

— Using a difféeean sslvinggtbolnue) (e ge anaytadgtical
Jacolnear))

— Altemmeitveecad alaltad ro of ddrficinantothat bet drifclifftoult to
evaluatiee

o CompuittiomaaldelchigLupses
— Using a qyeqqhincahtaat dot pgytfioroecaraaladatioidsions
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Total simulation time
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Conclusions

* Development of a fundamental simulation
tool requires the use of different state-of-
the-art technigues such as:

— Single-event microkinetic models to account
for all the reactions occurring between
species

— GC x GC or feedstock reconstruction to
obtain a detailed feedstock composition

 The models are however valid over a
broad range of process conditions and for
different feedstocks
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Conclusions (2)

 The simulation time of such fundamental
reactor models can drastically be reduced

by:
— Tabulation

— Calculating an Analytical Jacobian instead of
a finite-difference Jacobian

— Using the graphical processing unit to handle
part of the calculations
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