IMPROOF Workshop, Ghent, Belgium, 27/01/120120

Design and optimization of 3D reactor technologies

for the production of light olefins

Kevin M. Van Geem

Laboratory for Chemical Technology, Ghent, Belgium
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The “old” LCT
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LCT’s new vision

GHENT
UNIVERSITY

1 M
H B i
Qe B

DRIVING CHEMICAL TECHNOLOGY

3/90



What Is Process intensification?

“any chemical engineering development that leads to a substantially smaller,
cleaner, and more energy-efficient technology”

A. Stankiewicz, J. Moulijn

400 PROCESS INTENSIFICATION o€ cauvTER ‘ cRADuATE
FOR SUSTAINABLE : L
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i B | Bg r i‘l?‘ “ IChemE &2 Kamelia Boodhoo and Adam Harvey
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1990 1995 2000 2005 2010 2015 B el intensification | ey ———
Year PROCESS For Green Chemistry THE CHEMICAL

Process Intensification

INTENSIFICATION o ol Industry Government

SECOND EDITION

ENGINEERING FOR EFFICIENCY,
SUSTAINABILITY AND FLEXIBILITY
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edited by
Andrzej Stankiewicz
Jacob A. Moulijn

David Reay « Colin Ramshaw « Adam Harvey

Stankiewicz, A. I.; Moulijn, J. A., Process Intensification: Transforming Chemical Engineering. Chemical Engineering Progress 8500, 22.
https://www.ugent.be/csc/en



Chemical engineering — length and time scales

Time scale

A
ear [~ . _
y Enterprises | . =
P s

| e Sites
day Plants
h I Process units

min
1ls

103 s
106 s Molecule clusters
Zeolites

10°s
1012 g

= - - °m = m 1 km Length scale

GHENT o : 5/90
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Computational fluid dynamics (CFD)

“cleverly forged data” “contract for difference”

“colors for directors”

Simulate fluid flow based on conservation equations

([ N N N |
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Computational fluid dynamics (CFD)

Simulate fluid flow based on conservation equations

N

P
Species and global mass (~composition)
~ CH, + 20,
4 .
Momentum (~velocity)
pw+a(ﬂ)-162
2z
v+8(pv)_£5
dy 2
~5 I
EUR6‘JNCAP E’eaé‘ga?’cnﬁ : - ’ - B TR OR : ~~~~~" +859F:(U).%5x
18-VOL-725-FW1 8 : _a(pu).lax — " y?z)i = 1 i
ax 2 kg1 L\_\\\\
s S _pv)
z %
- S
—_
I B o= = _I_a(Pu d(pv) Jd(pw) _
J— H N = ot d0x dy 0z
GHENT L% B
UNIVERSITY oottt eoioo 7128



LCT. Innovatlon through Supercomputlng

it

GHENT
UNIVERSITY

Innovatlon through Supercomputlng

Laboratory for Chemical Technology, Ghent University
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Laboratory for Chemical Technology

Design and optimization of sustainable products and processes

The advanced simulation and optimization
software for the ethylene industry

Circular process design

Low carbon technology
i 1 T Renewable chemicals and technology
ONVERsTy s

DDDDDDDDDDDDDDDDDDDDDDDDD



https://www.lct.ugent.be/research/circular-process-design
https://www.lct.ugent.be/research/low-carbon-technology
https://www.lct.ugent.be/research/renewable-chemicals-and-technology

The chemical indust
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Chemical industry

* Belgium is the N°1 chemical country in the world (per capita basis)

Sales of chemicals and plastics per capita (2009)

£
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Source: Feri, NIS
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Process transformation

Industrial CO, emissions (Flanders, 85120)
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Plastic bags\}
ETROCHEMICALS MAKE THINGS HAPPEN

N
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Ethene Steam

cracking

AROMATICS

STEAM CRACKING STEAM CRACKING

E Associated gases

. Crujde oil

WWW.PETROCHEMISTRY.NET



Steam cracking

: R
Crude oll [ Steam cracking

9 $

- R
Consumer goods from

“\"‘w\‘\m
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atozforex.com; pnnl.org; districtenergy.org; scade.fr; schmidt-clemens.de; Linde Group; IHS Chemical Insight

Radiant
section

Stack
A
( = Feed
== Steam
CL_
.
AH—
X »-
v
_\'—w';
Burners
Process gas
Fuel (natural gas)
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Steam cracking furnace 101

............ Transfer line

) 5 k r exchanger

— Steam drum

-
AT

[

~—

L =L T Convection
i section
G | | Furnace
A e S Reactors -------------
N ............-..--..--.---.---E..-...-....................:7
T 1 /S
J— H N o
GHENT % B
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY S. Vangaever, P. A. Reyniers, C. Visser, D. Jakobi, G. J. Heynderickx, G. B. Marin, et al., 15

"Computational Fluid Dynamics-Based Study of a High Emissivity Coil Coating in an Industrial Steam Cracker," Industrial & Engineering
Chemistry Research, vol. 57, pp. 120782-120794, 12018.



Process Intensification in steam cracking

Improve reactor design by accelerating heat input

Q = h A (Tinner reactor wall — Tfluid)

g Thermal efficiency
> z Product selectivity
z Decoking procedures
g More reactor material needed
>
g More friction with wall ~ Ap
Yn =T
A Thermal
. ’ __E:;Lnﬂdar_vlayer
> T E( Disrupt the boundary layer
I = n' — > X
ONIVE s T8
U N IVERSITY DRIVING CHEMICAL TECHNOLOGY Fig.4.3: Thermal boundary laver flow past a flat surface



3D reactor technologies for flow modulation

Rib

Bumps or dents throughout the reactor wall

Main swirling

Downstream
recirculation

Finned tube X-MERT

Contort the entire reactor wall

11200

11120 -

SFT
IHT HCD
_
M . ” I. Mayo, B. C. Cernat, M. Virgilio, A. Pappa, T. Arts, and Asme, "Aerothermal Investigation of the Flow and
J— H B m Heat Transfer in a Helically Corrugated Cooling Channel," (in English), Proceedings of the Asme Turbo
GHENT h‘ N Expo: Turbine Technical Conference and Exposition, 120120, Vol 5b, Proceedings Paper p. 11, 120120.

UNIVERSITY DRIVING CHEMICAL TECHNOLOGY

D. Bai, Y. Zong, M. Zhou, L. Zhao, “Novel cracking coil design based on positive constructing of synergetic
flowing field,” submitted to International Journal of Heat and Mass Transfer.



This sounds easy but reality Is different

What do you need:

1. Accurate experimental data

2. A Kinetic model

3. Accurate boundary conditions

4. Properly accounting for turbulence
5. Automated geometry optimsation

S
LI
GHENT & —

UNIVERSITY R CHEMIEAL T OLOG, 18/120



LCT's Steam cracking setups

Elemental analysis
D2887 SimDist
D11200 distillation
GCxGC-FID/TOF-MS

AN

B 2 S ml

v GCxGC-FID/SCD
v GCxGC-FID/NCD

GHENT
UNIVERSITY

v' High temperature on-line product sampling

v Internal standard based product quantification
v" On-line GCxGC-FID/TOF-MS analyses

v" On-line GCxGC-SCD/NCD analyses

v' Computer controlled process conditions

Bench Scale Setup

'
|
|
. |
e — - " f
§ R — ' |
e (W E 5 P |
e | i N A !
| 2OGNE” N I - ",‘* i il :
e =, B\ s Rl B 4
=4 -V I W a3 ,
! . L \ e 2 e | =
| = . e el L >
ESU B R n—
BN ' < 1
d b
i 1 py & =
e ; o
| B

il



History of Pilot Plant

* Furnace is originally built in 1968
« Continuous improvement:
= 12008: new RGA (GC)
= 120009: first GCxGC
= 12010: improved flow regulation
= 12011: new TLE design
= 12012: automation and feed section
: upgrade
= 12013: Online sulfur speciation
= 12014 Online nitrogen speciation
= 12018: new refractory/coatings and 3D colls
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LCT’s Pilot plant

Extreme flexibility - the major advantage of the pilot plant

For operating companies or engineering contractors:

— To explore ...

— Wide range of feedstock
- hydrocarbons ranging from gases to heavy crude olls
— Wide range of operating conditions
- COT, dilution, COP, temperature profile, residence time ...
— Inhibition of coke deposition by additives

- in the radiant coll
- In the transfer line heat exchanger

— To get information about

— expected product spectrum
— optimal operating conditions
—_
i = .‘ .l— coke deposition (run length)

GFNT . 0

UNIVERSITY 21



Pilot plant steam cracklng setup

Furnace + Reactor
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Steam cracking pllot plant

HC
Feed

N

UNIVERSITY DRIVING CHEMICAL TECHNOLOGY 23/45




The LCT's Pilot plant

e compressed gases
* liguefied gases

e liquids

* Waxes

* additives

* Water

Features

e Coriolis based
controllers

» cO-cracking
 coke Inhibition

T = & mi
GHENT B
UNIVERSITY B
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» gas fired furnace
 coll - preheating
- mixing
- cracking
* TLE

Features

Analysis section

* on-line sampling
 powerful analytics
v 2 GCxGC’s

FID, SCD, NCD
v' RGA for Cyi,

v IR-CO/CO, meter

Features

|GCXGC

IR RGA

GCxGC

24



Universal On-line quantification

Nitrogen = Internal Standard

ONLINE ANALYSIS |

RGA (TCD) H, CO, C,H, C,oHs CoHa| N,
RGA (FID) ‘ CHi.|C, C; ca
PGA (TCD) CO, C,H, C,Hg C,H,| N,

\l/ > (10) ¥=)-------
GCxGC (FID) CHy | C, C3 C4 Cs Cg ... Cyp &DCCondensateD

\/ IR-GA <t+—D<—

Hs | ... ——
GCxGC (FID) | | CH4 Cos Bl Ty

D><H

—_

LTI i Methane = Reference Component V é
186 > 300°

gIIjIIE\II\IETRSITY Bl B GCxGC temperature program: -40°C - 300 C2 i fiare



GC x GC Principle

ORI 1D chromatogram
GC x GC Oven (at first column outlet)
Meglylator A

; % d
;T ] : BPX-50
2mx0.25 .

PONA Rtx-1 ST mm. 0.5 um U 1. Modulation

50m x 0.25

mm, 0.5 um ‘ } ‘ ‘ ‘ } } }

Liquid CO, J l
.u..-_—lq U uLL'Ah._.l..

« Analytes are separated using two different columns  Raw 2D chromatogram
. - . (at second column outlet)
with two different stationary phases.

Q15 4§ .y

« The modulator quickly traps, then "injects" the 2. Transformation
analytes from the first dimension column onto the Y
second dimension.

 This process creates a retention plane of the 1st
dimension separation x 2nd dimension separation.

Second-dimension chromatograms
stacked side by side

Highly beneficial to analyze complex

I 1 M samples

GHENT =8 =
UNIVERSITY h‘ . Dalluge, Beens, & Brinkman (12003), Comprehensive two-dimensional gas chromatography:

DRIVING CHEMICAL TECHNOLOGY a powerful and versatile analytical tool. Journal of Chromatography A. 69-108 26



GCxGC-TOF-MS/NCD/SCD setups

—_
i

GHENT
UNIVERSITY

Injector (split/splitiess)* Detector

Y
Ritx-1PONA/ MXT-1

OVEN
1 S~ .2
EE B Liquid CO,
s B

DRIVING CHEMICAL TECHNOLO

Detectors:
TOE-MS:

» Qualitative analysis

NCD:

» Quantitative analysis

» Selective to N- compounds
SCD:

« Quantitative analysis

« Selective to S- compounds

Process Intensification

27



GC x GC modulation

1st dimension Modulation 2nd dimension Detection
separation separation

4s 4s 4s 4s 4s

N
n
N
n
N
n

] 1 S~
GHENT '. -N = v Enhanced Resolution

UNIVERSITY sl cuement recmmotocs v' Enhanced Sigfial/Noise Ratio



GC x GC data processing

GHENT
UNIVERSITY

l 1l h 4 AR A

Raw 2D chromatogram
(at second column outlet)

(S
=]
fay
<
%

2. Transformation e >
Q P 2D colour plot

Second-dimension chromatograms
stacked side by side

H B M
e B o

Dalltge et al., J. Chrom. A 12003



On line GCxGC-FID analysis NI

GHENT
UNIVERSITY

effluent analysis

ethene

methane

ethane

|

/

propene

propane

tri-aromatics phenanﬂwene‘ |
1.3-butadiene '
acenapthene gnihracene—7 |
\ theno- acenapthylene X |
1-butene omatics . ' |
propadiene \ biphenyl iy

Methane - Pyrene+

GC X GC chromatogram: 2 parts
Conventional 1D part - C,.

Comprehensive 2D part 2 C,

benzene

di-

naphtheno-
aromatics

tretra-aromatics

30
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Nitrogen compounds

Internal
Standard

2"! dimension retention time (sec)
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Al In Experimental AnaIyS|s QUANTIS

datasets

— PCA: consistency of experiments, outliers

— t-SNE: clustering visualization

Different colors
represent datapoints
from different
experimental runs

PC 2 (0.69%)

N

GHENT
UNIVERSITY

lﬁl'

DRIVING CHEMIC LTECI—-P.DLF 31/01/2020

3.9

1.0

Analysis of experimental consistency
Analysis/detection of outliers
Improvement of experimental

PCA of yields (carbon

ml sed wt% dry)

All compounds wt% dry

———————————————
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Symoens, S. H.; Aravindakshan, S. U.; Vermeire, F. H.; De Ras, K.; Djokic, M. R.; Marin, G. B.; Reyniers, M.-F.; Van Geem, K. M.,
QUANTIS: Data quality assessment tool by clustering analysis. International Journal of Chemical Kinetics 12019, 51, (11), 872-885.
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Good data was the start of COILSIM

Fundamental modeling strategy
from feed to product

reactor geometry &
process conditions

Feedstock —~  Product
Properties * <~ — ~ Specifications

Modeling

Feedstock R
Reconstruction microkinetic  reactor
\l/ model model

' ndamental i
detailed feedstock Fundamenta detailed product
o composition Reactor Model composition
I
GHENT
UNIVERSITY 28th EPC, Houston, TX, April 13th, 120120

33



Key elements of COILSIM

COILSIM1D

GHENT
UNIVERSITY e B
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SIMCO: Feedstock Reconstruction

— Adetailed model requires a

detailed molecular composition

Gaseous feeds
Naphthas

Bulk properties / Gas condensates
Prop — Kerosene

Commercial indices HVGO

1 VGO

nCl2 npc13 nC14

J

C12

7 n?s”‘,

Validation by means of GCxGC

!

Molecular /| “9 Detailed product
feed composition | — distribution
=
i i S
H N B

GHENT
UNIVERSITY e B 35
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COILSIM1D

“o%. COILSIM1D

4 COILSIM1D

Sumusaﬁon]g' steam Sracking coils
»

A
g PRE [\I { J
s et -
e <
Ll 155 >
P . 4

i

-1 L
T.I.].1-

-

LF'I'.!E"?
L

&%
K.
i
-y
-0
{ i
=

i
2 B e j
e e -
Qi B

. . . Laboratory for
Microkinetic Model Reactor Model LCT Cherical
Technology

Process Conditions

1preactormodel:| © Broadest and most accurate kinetic model for steam cracking

Free-radical mechanism:

. . dF, (&
R-R, &R + R, < Fecdstock com. o(Loak - 785+ molecules
dT
R,-H+ R'<R  + R, -H * Reactor & Furnace _ F,-C,,,-E=€° q+Q Zk:fv,k('Aer) ° 43 radlcals
* Operating conditions g—a 2_f+i ra uﬂ
R,=R,+ R/ &R -R,-R, e & Tm T 300,000+ reactions

I Integration

« Based on high level Ab initio data, and kinetics re-fitted with experimental data (pilot and
industrial)

[ Prediction and Optimization ]

» The result of decades of expertise in independent research and modelling of thermal

o cracking reactions with exceptional validation facilities
T} ¥ as w

. . . https://www.Ict.ugent.be/
GHENT l n ; . https://www.avgi.be/
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https://www.lct.ugent.be/
https://www.avgi.be/

Pyrolysis chemistry

Radical chemistry — radicals are molecules with an unpaired valence electron
H H
for example: ethyl radical, H—C—T" ,
H H

Reactions can be classified in so-called reaction families:

1) Scission
C-C C,—C, — *C, + *C, }Net formation of radicals,
CH  CmH =Gy +<H very reactive species
2) Hydrogen abstraction
Intermolecular
by He C,-H+*H—- C, + H-H
by Ce C,H+C,—C,+C,-H
Intramolecular <C;-(C),-C,-H — H-C-(C),-C,*
3) B-scission & reverse radical addition
Intermolecular <C,-C,-C;— C;=C, + C,
*C,-C,-H— C=C, + *H
/\ Intramolecular <C;-(C),-C,=C;— cy(Cl-(C)n-Cg;-Cg)

J I *C1-(C),-C,=C;— cy(C,-(C),-C,)-Cye
GHENT i E -

UNIVERSITY



How does this occur?

_—~ .~ B-scission
- »{ Kk~ *'C1-Cy-C3— C=C;, + +Cy
TN K ST 'Cl'c%'H ‘Q%:CZ +<H
\k A /k
SN SN K AN
et
Scission \k\w o NN
C,=Cy = Cy # '% % <
KN K SN XK
Y
A : Hydrogélﬁ abstraction
- NN C.—H + H S%C, ¥ H-H
m L lk C,-H+C, - C, + C,-H

GHENT
UNIVERSITY 2 Y Let’s do this automatically!



Network generators

Genesys EA_”\' RNG
MECHEM PRIM(-O) gl Lederer
Valdes-Perez  ReNGeP Munich, Germany REACTION Prague, Czech Republic
. _ Blurock
RING Pittsburgh LCT, Ghent, Belgium 4 Lund. Sweden CASB
' Porollo
Daoutidis \ \° o s - . :
. . kar-Ola, R

Minneapolis 8 SeE Y4 &4, _~ Josjkar-Ola, Russia

’-

RDL ‘l R

Mavrovouniotis

© ( ,j’y

EXGAS 1&

Evanston ' w \, __ASSBattin-Leclerc
COMGEN } 8o Nancy, France .‘ ) GRACE, Yoneda
Truong > RMG KUCRS, Miyoshi
Salt Lake City ‘Q 2 Green \\\ Tokyo, Japan
. - . J
L Cambridge ‘ %
RDL++ :
Vankatasubramanian C MECHGEN ..QC ,
West Lafayette AMOX(+)(++) Héberger
NetGen Ranzi I
Broadbelt anzi Budapest, Hungary
Milan, Italy
Delaware
KING 5 j?
Di Maio
» Cosenza, Italy

N

B 0T
GHENT
UNIVERSITY e
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Network generation

105 E I I T TTTT I I T TTTI I I I TTTTI 25
o
2 20 £ RDL
G104 £ e Mavrovouniotis
0 2 Evanston RNG
) =
o 5g KING CASB Lederer
w103 £ < Di Maio Porollo Prague
- 10 © Cosenza Josikar-Ola RMG-Cat
£ 8 GRACE RAIN MECHGEN West
3102 ¢ . £ Yoneda Ugi REACTION Heberger DR'N% Boston
. 2 Tokyo Munich Blurock Budapest Jaouticis
i s “Lund Minneapolis
| | I | I| | | 1L 1111 I| | | 1 11111
10110 1 02 03 104 0 1984 1990 1994 1993 2000 : 2003 2012 2015
_ & ® & O—90 00000009 o —00—009
Number of species 1975 1979 1987 1992 1995 4447 2002 2004 2010 2013 : 2017
NetGen RMG
ReNGeP Broadbelt EXGAS Green Genesys Z
Froment Delaware Battin- Cambridge Marin
Ranzi ancy Tokvo PRIM-O
Froment Milan Y .
Ghent MOLEC XMG COMGEN Marin
Warnatz Grenda Truong Ghent
Salt Lake City
_ MECHEM
LTI} N ‘ . Valdes-Perez RDL++ -
— B B H  Bitteburah Venkatasubramanian
GHENT % g West Lafayette
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GENESYS : GENEration of reacting SYStems

- — Computer sciences, chemistry and mathematics
@I — Open source projects
Rt — Advanced species representation
— Advanced algorithms (e.g. structure based virtual
screening)

— Widely applicable
— Pharmacophore discovery

f; 13 K — Protein structure elucidation
— Quantitative structure-activity relationships

OpenBabel

T 1 S~

GHENT
UNIVERSITY e B 41/172
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COILSIM1D ~ Microkinetic network

H network B network

.----------------------------------.
. .
: Cnh+ unsaturated C,+ saturated .
. molecules molecules . bond scission/
: M recombination
. R Rew)  § hydrogen abstraction
B(w) M N
: w \L i J RpnH : hydrogen shift
. -
: radical bond hydrogen : ring closure/
® addition scission abstraction : ring opening
.
.
.
. ™ radical addition/ '
: B scission M
- 1 :
.
.
.
: ring closure/ B hydrogen C,. molecules :
. ring opening shift B and Bu radicals -
. -
. .
- .
2 .

M network

Application of PSSA on p-radicals (C,,) leads to a significant
reduction of differential equations to solve

[ network

Bi and monomolecular reactions of considered species
NN

I 1

s /211 Geen, K. M., et al. (8508). .Ileng.hodelmg stea acklng of heavy feedstocks." Oil & Gas Science and Technology-Revue de I'IFP 63(1): 79-94

GHENT
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* Perfeed/primary product molecule

e Perinitiation mode

 Bond scission
* Hydrogen abstraction
e Various radical additions

* Library of independent sub-networks

Complete microkinetic
network

42/32



COILSIM1D ~ Microkinetic network

Relative reaction rates

Thermal Cracking of Hydrocarbons

Free Radical mechanism : T — PN ~y ~
~10
i i i | 1 1 7 /vw N—l) N L . /\/ﬁ re;—ilobl%atlon W)/\
* Bond-dissociation and Radical recombination l p scison -
R,-R, &R + R, Initiation "¢ B ) _
M o T WO
terminati i o — o
w o P I\ ermination B sission - ) JPUN ﬂ) = -

~1

H abstraction

¢ Hyd rogen d bStra Ct|on (intraand inter molecular)

R,-H+ R, R '+ R,-H
Orders of magnitude difference between bi- and monomolecular reactions

I N A
u-radical Hypothesis:

¢ Rad|Ca| add|t|0n and B'SCiSSion (intraandinter molecular) — _g
R,=R,+ R, <R -R,-R, o
Von U T— W/\ g “Monomolecular reactions dominate for long chain radicals”
. > Distinction between 2 sub-networks

T 1 T

G H ENT R|ce F. (1931). "The thermal decomposition of organic compounds from the standpoint of free radicals. |. Saturated hydrocarbons." Journal of the American Chemical Society 53(5): 1959-1972.
w .Ran2| E., et al. (1983). "Initial product distributions from pyrolysis of normal and branched paraffins." Ind. Eng. Chem. Fundam.;(United States) 22(1).

U N IVERSITY DRIVING CHEMICAL TECHNOLClymans, P. and G. Froment (1984). "Computer-generation of reaction paths and rate equations in the thermal cracking of normal and branched paraffins." Computers & Chemical Engineering 8(2): 137-142.. 43/32




COILSIM1D ~ Microkinetic network

Example

U network

’ Feed molecule | | Reaction family |

A oo [

Search for reaction possibilities

|

Assign reaction rate coefficients

|

Identify products: .
molecules, B-radicals, p-radicals

Generate decomposition reactions

l

Assign reaction rate coefficients

l

Identify products:
molecules, p-radicals, p-radicals

l

Are all p-radicals
No decomposed? ;

l Yes
Apply PSSA to p-radicals

Generate equivalent
single-step reaction

_______________________________________________________

T 1 M

—c Bruycker, R., et al. (8512.Stea'cking of bio.ived normal and branched alkanes: Influence of branching on product distribution and formation of aromatics."

GHENT

UNIVERSITY e
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: H-abstraction of 2,4 dimethyl pentane

PN

*R
RH

K,

BN

PN

1L

/

ok ek
—< Select pl-radical > /\)\ /J\ ) ) . /L /\)\
1

Application of Pseudo Steady State Approximation

dCl-ll
- W=k1CM_k4‘Cu1=O
dcC,
Hz _ _
dt2 =k, Cy —kSCuz—O
dCu3
—dt = kg CM - (k6+k7) Cug = 0
N ¢, =k Cy
Solving towards Cui M1k,
_k
I > Cy, = ke Cy
C ks ¢
M3 ke +k, M

RfO = kscuz = k5— CM

0.8 -
0.6 -

04

0.2

0

R =k C, =Kk ks
FROTT6M T 06 p 4k

So-called PRC’S

N

Nog kpseudo (Oj)

+ Yhhrad kpsendo(p;)
j=1 ZT ki

j=1 E?ki

feed - ),

Equivalent single step reaction

C724DM

PRC’S at 800°C

Journal of Analytical and Applied Pyrolysis 122(Supplement C): 468-478.

Cm
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Feed molecule Reaction family

e —

Search for reaction possibilities

PRIM-O algorithm

Identify products:
molecules, p-radicals, p-radicals

|
Select p-radical > -

Generate decomposmon reactions

Assign reaction rate coefficients ! -

Identify products:
molecules, B—radicals n-radicals

Assign reaction rate coefficients -

1

+
CCC)CC(C)C +o RS Ry CC = CC(C)C

k, + ky + kg
Are all p- radlcals Kk
2
No decomposed’? > - + kot k, T Ky (IC4Hg + CC« C)
s (o IC,Hg + C5Hy)
: ¢ 1LsaHg 3He
P i Apply PSSA to u-radlcals | - Tkt K, +K; kg + k,
I B = ks k;
_ I + C= CCC(C)C
. = = k; + k, + k3 kg + k5
GHENT en

UNIVERSITY | erate equivalent i — sk ks k;
: DRIVING CHEMICAL TEE YR d ¥ _ I | + + CH
| single-step reaction : (kl +k, + ks Kk + K, + ks ke + k7> 3




How accurate 1s our kinetic model?

—_

GHENT
UNIVERSITY

Validation by comparing kinetic model predlctlons
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m Experimental yields during steam cracking of bio-derived hydrocarbons

.’?_'-Mock composition: MW, eae = 230g/mol 51wt% normal alkanes — 49wt% branched alkanes
0.04 g/s, Fyp00=0.02 g/s, P=0.17 MPa
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COILSIM1D ~ key features

Possibilities with COILSIM1D
» Boost profitability with highly accurate simulatig
— Yield maximization |
— Process optimization

» High flexibility
— Model validated for broad range of feeds
— Main reactor geometries supported
— User-defined reactor geometry ( a.k.a. ‘open version’)
— User-defined operating conditions

N

il 1

R A E BN
o s B
UNIVERSITY  Gavic cuemcnt recmorony 47/32



3D reactor technologies

Enhanced heat transfer &
mixing -> Less cokes?

Increased pressure drop
Lower olefin selectivity?

or Long term performance
and stability?

—_
T = & mi
GHENT
UNIVERSITY e

DRIVING CHEMICAL TECHNOLOGY

. coking

48



3D reactor technologies - coking

Enhanced heat transfer & -
miXing -> Less COkeS? GENT ARCHITECTURE

FACULTY OF ENGINEERING AND

" 3 3D Steam Cracking Reactor Technology:
Increased pressure drop X The Good, the Bad and the Ugly

Lower olefin selectivity?

Carl M. Schietekat, David Van Cauwenberge,
Kevin M. Van Geem, Guy B. Marin

L on g te rm p & rfO rmance Laboratory for Chemical Technology, Ghent University
and stabil ity? http://www.Ict. UGent.be

2013 AIChE Spring Meeting, May 2nd, 2013, San Antonio, TX

Reduction of hot regions
- less overcracking
- higher propylene selectivity

T 1 M

— A E =
GHENT
UNIVERSITY e B

DRIVING CHEMICAL TECHNOLOGY 49



Coke formation in steam cracking

Endothermic process at temperatures of 800—-900 °C o N |
Deposition of a carbon layer on the reactor surface ©
—> Reduced thermal efficiency Al T e
——> High pressure causes loss of product selectivity Coil cracking due to
! : : —E,; differences in thermal
——> Coil carburization and thermal stress re = zci . A; - exp <RT > expansion rate
int |

Coke reduction method: 3D reactor technology

Hot spots due to
inhomogeneous coke
formation

T 1 S~

— EE B |
GHENT BN
UNIVERSITY DRI"u"IhGCF‘EMIC.&LT[CHP\.DLDGY 50

Nova Chemicals, 12002; Linde Group; Mufios et al., 12013; Albright et al., 1988; Mufios et al., 12014




Improving jet stirred reactors

|deally mixed lab scale reactor
——> Flexible, fast and low-cost experiments for intrinsic kinetics
—— Quasl-homogeneous gas phase composition
——> Jet stirred reactor (JSR)

High velocity jets induce mixing via turbulence generation

Gas-phase kinetics study
v Oxidation of fuels

v Pyrolysis of hydrocarbons
v Nitrous oxide formation

v Ignition phenomena

Gas-solid kinetics study
v' Chemical vapor deposition
v' Coke formation in steam cracking

—_

H 10T
GHENT

UNIVERSITY oRIVIN :

G CHEMICAL TECHNOLOGY

Reyniers, P. A. et al. Int. J. Chem. Kinet. 120120, 48, 556.



Improving jet stirred reactors

Jet stirred reactor at the Laboratory for Chemical Technology

Feed section Preheating section Reactor section Electrobalance Analysis section
Water Air N C2He »| Electrobalance
A A
AN ¥ X1 ¥ 5 Qil cooler
B Vjag—' Cyclone
Decokin é Reactor [
l 17 Preheater 2
|
I
E_' c;_ Cracking;grﬂ : !
© © | )
i i R
-
Valve V1 Mixer |8
> A > | L) —')
X
> —»Vent

-
T = n'
GHENT
UNIVERSITY e B

DRIVING CHEMICAL TECHNOLOGY

Reyniers, P. A. et al. Int. J. Chem. Kinet. 120120, 48, 556.

sssssss
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Improving jet stirred reactors

Three proposed geometries to maximize the gas phase homogeneity via residence time
distribution simulations and reactive simulations of ethane cracking

00° case down case 45° case

UNIVERSITY e B

||||||||||||||||||||||| 53

Reyniers, P. A. et al. Int. J. Chem. Kinet. 120120, 48, 556.



Improving jet stirred reactors

Distinctive differences in the flow pattern between geometries, with the 45° case exhibiting the
highest degree of homogeneity

Velocity
magnitude [m/s]

10

90° case down case 45° case

— EE B
GHENT
UNIVERSITY H b . o4

Reyniers, P. A. et al. Int. J. Chem. Kinet. 120120, 48, 556.



MSB data post processing

Determination of the coking rate

35 20.0 v'Initial (catalytic) coking
~ —— Filtered Weight L 18.0 rate = Average coking rate
30 1 Fitted Weight o value from 15 min to 1
| = hour of cracking
25 - Coking rate L 14.0 o
£ E
@ - 120 <
820 . ©
= - 100 £ = Average
-~ = . .
§315 . L g0 = coking rate value during
the last hour of cracking
10 - 6.0
- 4.0
5
- 2.0
0 ' 0.0
2 3 4 5 6
Time [h]
—_
I 1 £

H B 1
GHENT B
UNIVERSITY =
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Towards LES with detailed kinetics

1D simulations are not sufficient to capture all phenomena

1D Simulation BARE FINNED RIBBED

AP/AP;. . 1.00 1.22 2.17
U/Ug, 1.00 1.21 1.50
T yasicokes [K] 1079.4 1066.4 1054.5
Rel. reoue - -4.8% -43.1%
Rel. yield C,H, - -0.27% -1.47%
Rel. yield C;H, - +0.03% +0.13%
~ 101 CPU seconds ~ 10% CPU seconds

—— 3D CFD simulations are computationally expensive but necessary to obtain correct results

N

T N £
GHENT —
UNIVERSITY o st
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MODELING and measuring Turbulence

Resolve all Model all
turbulence turbulence

Most accurate .
Less expensive

and robust
Lots of physical Average =
Insight Intuitive
Extremely Models are fitted
expensive to specific flows

Uncertainty from
other sources

Limited physical
Insight, qualitative

—_
]
GHENT - -

UNIVERSITY DRIVING CHEMICAL TECHNOLOGY

L. Gicquel, P. Givi; AccuWeather

The in-between: large eddy
simulation

= Resolve the large flow-
determining eddies

* Model the smaller, more
uniform eddies

X-ray Particle Image
microscopy Velocimetry




Enhanced heat transfer &
mixing -> Less cokes?

Increased pressure drop
Lower olefin selectivity?

GHENT
UNIVERSITY

Long term performance
and stability?

1 /M
H B N
Qe B

DRIVING CHEMICAL TECHNOLOGY

3D reactor technologies — 12017 & 12018

E&;TWﬂOD
%

, ?”"*ﬁ
3 V A

FACULTY OF ENGINEERING
Al | AND ARCHITECTURE

DEPARTMENT OF MATERIALS, TEXTILES AND
LABORATORY FOR CHEMICAL TECHNOLOGY

124B

479642
IMPROOF: INTEGRATED MODEL GUIDED PROCESS

OPTIMIZATION OF STEAM CRACKING FURNACES

K.M. Van Geem, F. Battin-Leclerc, G. Bellos, G. Heynderickx, W. Buysschaert, B.
Cuenot, M.R. Djokic, T. Faravelli, G. Theis, D. Jakobi, P. Lenain, A.E. Mufoz, J.
Olver, J.N. Dedeyne, S. Vangaever, P. Honnerova, Z. Vesely, P. Oud

2017 Spring National Meeting, San Antonio, Texas, March, 28, 2017

5 <> §f o) (Emisshield WOy o mmummr  (opess

G bl el

Advances In coll material
- Increased run length
- Increased coll lifetime

58



Towards LES with detailed Kinetics —

Full-scale reactor simulation (length: 10 m)

Flow direction

>

| \
~ 108 — 10° cells

! J

~10° — 10° iterations required to reach steady-state solution

Trick: streamwise periodicity

Computational domain can be
> reduced by using streamwise

\ periodic boundary conditions
e
o T
GHENT
UNVERSITY e ] -

Patankar, S. V. et al. J. Heat Transfer 1977, 99, 180.



Towards LES with detailed kinetics

Assume velocity as fully-developed over the short computational volume

Use transient velocity field to evaluate species and enthalpy radial mixing

Translate transient results back to the true steady-state by reconstructing the position from the

bulk velocity:
. . " /
Transformation: Time — Position Iﬂ |
\
u,dA
Az = Ubulk At = favp - At 1 0.
fav pda —
2 05
O
©
= 04
.
c 0.3
———> Speedup factors of 1200+ =
T 0.2
Q
;': 01 I I I I
A~ 0 2 4 6 8 10
T YV eos = _ .
GH_ENT B B B Axial coordinate [m]
ONIVERSITY D M 60

Van Cauwenberge, D. J. et al. AIChE J. 12017, 63, 1715.



Enhanced reactor designs ,
KBR / S+C Kubota Lummus/Sinopec Technip

Straight / rifled fins (Slit- / X-) MERT® IHT® Swirl Flow Tube®
1988, 12002, 12011 1996, 12003, 12009 12009 12011

11120 11200 11200

W\'mlu i T [K]
I 1 £

, W
— EE =
GHENT
UNIVERSTY s
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Van Cauwenberge, D. J. et al. Chem. Eng. J. 12015, 282, 66.



Towards LES with detailed kinetics

Simulation of a bare, finned and ribbed reactor

Improve the reactor by decreasing T ,q/coke Q=U-A- (TgaS /coke — Tbulk)

— Increase tube area (A)
— Increase heat transfer coefficient (U)

« ¥ t;———-——-———-——-——-———-;: | IR R———

—_

T II  &am m
GHENT

UNIVERSITY e B
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Reyniers, P. A. et al. 24th International Symposium on Chemical Reaction Engineering, Minneapolis, MN, USA, 120120.



Towards LES with detailed kinetics

Importance of 3D simulations — instantaneous temperature [K]

. Lower average wall temperature

T Bare
1200

1100

1000

900

1
1200

1100

1000

900

T

1900 High temperature at trailing edge of the rib

1100

1000

900

T § S~y Flow direction
GHENT -
UNIVERSITY s 63

DRIVING CHEMICAL TECHNOLOGY

Reyniers, P. A. et al. 24th International Symposium on Chemical Reaction Engineering, Minneapolis, MN, USA, 120120.



Towards LES with detalled kinetics =

Importance of 3D simulations — instantaneous rate of coke formation [kg m= s-1]

cokingRate

Ee-7

4e-7
2e-7

0

cokingRate

Ee—7

de7

Lower rate of coke formation due to
lower average wall temperature

cokingrate  Ribbed ‘ Coke formation highest at trailing edge

Ee—7

4e7

Flow direc}ion

R H N u
GHENT P
UNIVERSITY DRIVING CHEMICAL TECHP\.DLDGY 64

Reyniers, P. A. et al. 24th International Symposium on Chemical Reaction Engineering, Minneapolis, MN, USA, 120120.



Steam cracking furnace modeling

I

1D convection section . Flue gas
model (COILSIM1D 4.0) /| i k N — > To cold section
. 0D steam drum model
No reactions Feedstock ) |- FpH D_ ‘ ‘
Boiler feed water ‘l ( ... Eco _’( \
Dilution steam -----+-- | e | HTC — }‘ --------
|:‘ : I ssi . Boiler feed water
Superheated steam «---f-- 2] I (. WY S .
w P e Steam drum

1D reactor model (COILSIM1D) ror 1 | 1}

Detailed reactions
lteratively coupled (CRACKSIM)
Detalled reaCtlonS (CRACKSIM) ............................

Tubular reactor

E = .ﬁl Floor burners
GHENT
ONIVERSITY e B

Air Air 65




Coupling between Individual parts

Assess influence of furnace improvements on overall heat balance

( )

Boiler feed g A
water >  Flue gas
. J
------------------------------------------------------------------ k )
I PP L i V ------------------

4 A (e ) 4 ) T, )
Hydrocarbon |  .-1" . .
Y > Convection section (1D) < Steam drum (0D) > HP steam

feedstock s
\_ Y. G MR Y, . RO y, PRI s y,
R DT N I TN N
Dilution _T L VS
S - s g
steam (" . ennas® . ) ( terast’ ] )
Radiant section Transfer line Process gas
r N r N exchanger (1D) effluent
4 J
Fuel gas > Reactors (1D/3D)
. J . lT J
( \ L4 *
Furnace (3D) : Iterative coupling
— 5 s
1 . Hk\ )) : ’
H N N

GHENT
UNIVERSITY e
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Coupling between Individual parts

RADIANT SECTION

REACTOR

Start

|

Specify reactor geometry and
operating conditions

Specify furnace geometry
Initizalization

!

<

Simulate all reactors

|

Output TMT profiles for all

A 4

—>| Solve momentum equations

|

Solve continuity equations

|

Solve radiative transfer, energy
and species equations

YES

Output heat flux profiles for all
reactors

reactors

J

\ 4 N

A(max(TMT)) < 1K? YES
NO

Update TMT profiles for all

reactors

YES

TRANSFER LINE EXCHANGER

Specify TLE geometry and
operating conditions

!

Simulate all TLEs

!

Output saturated steam generated

CONVECTION SECTION

Specify convection section
geometry

!

Simulate convection section bank
by bank

BWT and XOT YES

converged?

P/Eix converged?

Update TMT profiles for all
reactors

Adjust geometry, BFW or HP
steam

v

End
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furnace modeling — the past

1D simulations of the furnace side, accounting for flue gas flow pattern, turbulent mixing and
combustion in a crude way

|||||| I b 1L ¥ ::\-ll]'._ o !
manttnnalnnntnng 7 X — Length /
a I:|i " ] |-. 1] ¥ B + i | o ..I I.|:| a o= Width I i I
| | | Z'—'Hﬂ‘ght I |1'|
| | | | i : 1 r.! Flue gggloutlet
' | . LN
! - | I ' |l|l
.1 ' "l || ' SEEY o
da a o o fa i a v| o * [ & & - G & Reactor tubes I : 1 l"
!l | i [ | l 1 ||."|
| | ‘l { | || | ; I ||l"
| Uy AT
N | A
! '
AHHHHHHHHE - A
] 1] | 1 oy
! I | I I Ly I
| | I I Iy 1
| I I ] 1 l'l
' | | ] il : 1 |:. 1
[} :|I I+ Al [+ o r r| o l " 'l: ::
} L
] SR 11 N
|. ( _.I e : :{}:::: /
. 1 | A
ICHE |.n e ."l 4 Bottom burners I ,I":‘""ﬂ":-:-tj_' -----
| n ' ‘ W R -5
({111 | | SIS
| |:I . ——— Moo
|
nn | ] :
|"_j LR A '-\_-'I l\_-'l L T L W -\..J e - _..I P R W

Plehiers et al. (1990) Heynderickx et al. (12001) Stefanidis et al. (12006) Hu et al. (12012)
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Plehiers, P. M. et al. Ind. Eng. Chem. Res. 1990, 29, 636-641. | Heynderickx, G. J. et al. AIChE J. 12001, 47, 388-400. | Stefanidis, G. D. et al. Comput. Chem. Eng. 12006, 30, 635-649. | Hu, G. et al. Comput. Chem. Eng. 12012, 38, 24-34.



furnace modeling — the present

o

Detailed burner e e . aasa
geometry detailed simplified

4 .

> Detailed case i |
« Shorter flame |
« Closer to the refractory

T 1 S~ N Y

J— H B I '
GHENT i
UNIVERSITY oo . 69

Zhang, Y. et al. AIChE J. 12015, 61, 936.




Heat flux and product yield

—_

GHENT
UNIVERSITY

__ 140 Detailed
™ - - " gm
£ - — - Simplified
‘;“ :
X 100-
X ]
= 801
e i
) i
O 60
] ]
L ]
40
20: I I ! | 1
0 ) 10 15 20

Reactor axial coordinate (m)

Heat flux profile is sensitive to

the burner geometr
Ve - Y

l-\o

Yield (wt%)

€

> Detailed burner:

>

* +0.50% ethylene
* -0.94% propylene

4

35 -
30
15

10 -

ethylene

Detailed
- — - Simplified

Reactor axial coordinate (m)

70



Flue gas radiative properties

1) Spectral window

Non-gray characteristic >
[
GCJ I — IO
£
; T ¥ T ¥ T c
Wavelength 2 ‘g
0.0015 |- 1 ! ©
©
©
s 0.0010 |- Wavelength 1 T= - Length
2 ‘ —— 300K :
S it 2) Absorption band
n ——
<. | 1800 K | >
‘0
c
0.0000 ! = E
(@)
Wavelength - [ =] e—KS
Pt ©
2 ILT 'rz °
GHENT = .
UNIVERSITY T s

o
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Gray gas/non-gray gas model

Ky =
e 1=
()
O
"'5 . I N
o S
(&)
c 2
0
r- _ __
: K =0
(7))
S
M 2 A A,
wavelength
Gray gas model Non-gray gas model

» Average absorption coefficient » Absorption bands (K,)

— over entire spectrum > Spectral windows (K, and K
I} i }&I' P P (K, 3)
CHENT I E =

UNIVERSITY e 72
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Validation of our non-gray gas model

N

GHENT
UNIVERSITY

0.06 - — H20 Leckner's
; - - -H20 EWBM
0.05 —_\ ........... H20 Nine-band
N — CO2 Leckner's
o 0-04-: \ - - -C02 EWBM
A= : CO2 Nine-band
.2 0.03-
& L
E o002l
- :
0.01
aoo:

400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature (K)

> Small test furnace

e same burner

e same reactor coil
 same fuel/feedstock

B 4

® & Reliable non-gray model

» Nine-band model

* derived from exponential wide
band model (EWBM)

> Leckner’s correlation

* emissivity correlation
* 5% maximum error

160000 - .
: —— Leckner's

140000 - - - Nine-band

)

e 120000
100000 -
80000

60000 4

Heat flux (W/m

40000

20000 }+———————————————
2015 0 5 10 15 20 25

Reactor axial coordinate (m)
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Gray vs. Non-gray

N

GHENT
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Temperature contour

Temperature (K)

z-coordinate (m)
12 -

10

GHENT
UNIVERSITY

2000 —
B <
(<b)
s |
z-coordinate (m) -
12 - E
1
575 B
£
10 H =
']
1150 ©
8 - = =
6
7125
) I
300
2 - °
A ,
o| |
°
non-gray

1500 -
1450 1
1400
1350
1300 4
1250
1200 4

1150 4

Gray
- = = Non-gray
/
/
]/
1100-""I""I""I""l""l""l
0 2 4 6 8 10 12

Furnace z-coordinate (m)

» Non-gray gas model

70 K higher flue gas outlet
temperature
40 K lower refractory wall
temperature
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furnace modeling — the present

Tube metal Bl '| 1‘ I I Velocity
temperature I l | magnitude
[K] | 5 N | [m/s]
1250 | ' 1 14
(01 (KRR {0
n |
[ | 10
1200 |
1150 S
-
B 1T
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15 m

furnace modeling — the present

~ CI

L

~ dm
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Dynamic run length simulation

220000
200000 Bare
180000 —
160000
140000
120000
100000
80000 —
60000
40000 = .
20000 T T T T T T |

Propane Millisecond 0 2 4 6 8 10 12 14

29 species, 151 reactions SOR (0 hrs) Run length [days]
"'-'-'.'p_.‘ 2 r

U Magnitude

E1.6798+02

=126.21

E84,542
E42,879
1.216e+00

- "~

-,

_ Run simulation for =t 1t 5,/-f"f/MT > TMT;;;-; YES End
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3D reactor technologies - 12019

=% ) Enhanced heat transfer & O OLINT EASTWOOD
mixing -> Less cokes? :

Increased pressure drop
Lower olefin selectivity?

" Long term performance
and stability?

Improved coil design for a hole-in-one

o~
T
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Golf and turbulent flow

GHENT
UNIVERSITY

Air separates very |
late from the surface

i

7

£

:
"
N Lesser dra
Fast-moving air " 2‘ y Lesser drag
v e

(thinner wake)

-
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L

Turbulent
boundary layer
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Golf meets a steam cracking coill

T = & wi
GHENT
UNIVERSITY e
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Experimental investigation — PIV setup

g~ | settling chamber i

Flowmeter

Overflow Test section (Orifice Plate)

channel

Throttling Valve

v

Water tank

Flange connections /
O-rings

— /A\

T 1 S @

J— H B I
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Experimental investigation — Heat transfer setup
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& zl> 20
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Flow In a dimpled coll

> Large swirling recirculation zone

> Perpendicular streamlines away from the wall
=>» effect focused in near-wall region
=» low pressure drop

0.3
0.4F
0.5 F
0.6 |
S orf
0.8
0.9E
I
flj:lllllllllllllllll et SN EFENEN IS ENERTEE
Y0 5 1o 15 20 25 30 35 40
7z fmmf
1.8
— —gn—
T 1 M %?__
J— H N I V=
GHENT B B ==
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY The V0n Karman |nSt|tUte

for Fluid Dynamics

> Focused stream lines

=>» high near-wall velocities

=» small thermal boundary layer
=>» good heat transfer

Flow In dimpled coll exhibits desired properties
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CFD validation

CFD Experimental
0.4
0.5
_0.6 =
0.7 =
=08 -
0.9
1.0

O 2 4 6 8 10 0 2 4 6 8 10
X/€max [-] X/€max [-]
Experimental CFD

© [DEG]
Nu/N up

N /A\

T 1 /S
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Impact of dimple depth

(u) Titleist Pro V1 (b) TaylorMade TF/Red LDF () Top Flite D2 Distance {d) Wilson Staff DX2
(¢) Callaway Big Bertha () Nike PD 2 (8) MaxFi (h) Stixon AD333
N
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k/d=0.006, Re=3*10°, dimples=330

o 02

Figure 11: Three dimensional depictions of flight trajectories for varied
dimple size.

flight motian
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Figure 12: Flight trajectories for varied dimple size as viewed along
the x-axis where the z axis has been re-labelled flight motion to
indicate the loft.

¢/d=0.06, Re=3"10°, dimples=330

0 015 X

Figure 13: A simulation of the effect of dimple depth on the flight
trajectory.
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Figure 14: Depiction of the simulation results in Fig. 13 along the x-axis
where the z axis has been re-labelled flight motion to indicate the loft.

Sphere (Golf Ball) in Motion,” J Appl Computat Math, 12018, Vol 7, p. 386.

Wainaina M, Kimathi M, Malonza D, “Simulation of Dimple Characteristics on the Trajectories of a Dimpled
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Impact of dimple depth (e)

N

I}
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shallow dimple
deeper dimple
|

J. N. Dedeyne, D. J. Van Cauwenberge, P. A. Reyniers, K. M. Van Geem, and G. B. Marin,

"Large eddy simulation of tubular reactors with spherical dimples," Chemical Engineering Journal, p. 122463, 12019.
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Comparison with other reactor technologies

Process conditions
Reactor length
—eedstock

Steam dilution

Coll Inlet Temperature
Coil Outlet Pressure
Conversion

T =I-l'

GHENT
UNIVERSITY e B
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11 m

118.54 kg/h propane
0.326 kg/kg

903 K

170 kPa

80.6 %
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Outside ~ TMT limitations

Temperature [K]

Reduced metal temperatures

Inside ~ Coking rate
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Higher Ap & more uniform T,

240 1250 —
Spherically dimpled —— \
230 Advanced rifled 1200 -
Helical swirl - - - >
= 220 - Bare o 1150 -
L 5
— 210 © 1100 |-
o o)
0 O
o 200 1050
3 5
o 190 ¢ 1000 - Bare
O Advanced rifled
180 930 Helical swirl ==
Spherically dimpled
170 900 ! ! ! !
0 2 4 6 8 10
Axial position [m] Axial position [m]
Substantial Ap due to relatively deep dimples T 4as Much more uniform for dimpled coils
(e/D = 0.066)
Lower coking rate will reduce this difference over time Spherical dimples realize the most narrow distribution
—
I 1 M

H B H
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Reactor technology — P/E

1250

e

N

1200 -

1150
Lower peak temperatures

=>» Less overcracking = higher propylene selectivity

1100 -

1050

1000 |- =>» 3D reactors result in higher P/E at same X

\
950 4§

0 2 4 6 8 10
Axial position [m]

Bare
Advanced rifled
Helical swirl =505
Sp::l}nerit::all‘_\aF dimplled

Gas temperature [K]

Yields [wt%] C3H6 C2H4 C4HG6 CH4 C3H4 Benzene
Bare 17.41 34.02 1.66 19.27 0.65 1.54
Helical Swirl 17.99 33.71 1.60 19.30 0.65 1.48

18.32 33.54 1.57 19.21 0.65 1.45
Spherically Dimpled 18.33 33.55 1.58 19.33 0.63 1.43

—_
T = n'
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Impact of dimple shape

TRUTH DIGEST

MYGOLFSPY
HDIMPLEGATE — TITLEIST SUES 10 SMALL BALL COMPANIES

BY JOHN BARBA
MAY 21,2015 | 88 COMMENTS

Back in April Acushnet filed suit in Federal Court in Boston, claiming that ten competitors are violating Acushnet’s

patented “triangular dipyramid dimple pattern” with their offerings.

_ How to come up with the best shape?
I & wl

T

p— r
GHENT

UNIVERSITY e
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Shape parameters

Best shape = best combination of geometrical parameter values

5 Important surface points

1. most upstream point of dimple

2 & 4: Determining maximum dimple width
3: Determining max dimple depth

5: most downstream point of dimple

Large variety of geometries possible with these parameters
—_
A = "&n u However: no control over slope of surface
GHENT
ONIVERSTY s 94
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Shape parameters

Best shape = best combination of geometrical parameter values

5 important surface points connected via 4 quadratic Bézier curves

P t=0 oPFg

Easy to calculate, parametric curves
Wide range of smooth curves possible
Used in animation, robotics, automobile design, ...

Curvature completely described by 4 points/parameters
=>» Start and end points defined by 2 surface points
=» 2 additional points (weights) describing slope of curve

T =l~r

GHENT
UNIVERSITY e
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Shape parameters

Best shape = best combination of geometrical parameter values

5 important surface points connected via 4 quadratic Bézier curves

2 Degrees of freedom

T 1 S~

J— H N g
GHENT B
UNIVERSITY rctc.o

- Position of surface points (5 points x 3 coordinates = 15)
- Curvature of slope (4 curves x 2 points x 3 coordinates = 24)

Optimization of 39 parameters too demanding
=>» Imposed rules

Points 1, 2, 4 and 5 on cylinder with fixed radius
Point 1 completely fixed

Tangential position of 1, 3 and 5 identical

Curve 2-3 & 4-3 are symmetrical.

Axial position of 2, 3 and 4 identical

Underlying assumption: asymmetric dimple shape not optimal
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Shape parameters

Best shape = best combination of geometrical parameter values

5 important surface points connected via 4 quadratic Bézier curves

2 Actual degrees of freedom

- 1 for axial position of 2, 3, 4

- 1 for radial position of 3

- 1 for tangential position of 2, 4
- 1 for axial position of 5

- 2 for curvature of 1-3

- 2 for curvature 3-5

- 2 for curvature 2-3, 4-3

=>» 10 parameters to define shape
= 10 parameters to tune for optimization

T =l~r

GHENT
UNIVERSITY e B
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Optimization of 10 parameters

10 times 1D optimization < 1 time 10D optimization

Parameters could be dependent on each other = 1 x 10D optimization for accurate results

This requires a very high number of CFD evaluations
=>» Automation of evaluations

Automated post-
processing &
evaluation

Automated Robust, stable
Input parameters — . >
mesh generation CFD method

N

il 1

ik H N g
GHENT .
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Automation of evaluations

Scripted grid generation + Excellent grid control

?‘; N In-\VI 5 + Lots of design options available
Ja%gY o .
= - Scripting language is bloated and cumbersome

THE CHOICE FOR CFD MESHING + Journaling option makes scripting easier

l

CFD evaluations
+
EEE Open source

EEBE Open FOAM + Wide range of applications
- User experience required for complex cases

B BB The OpenFOAM Foundation
+ Start from previously converged similar case

o~
J I = ’ & =
GHENT
UNIVERSITY e
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Optimization of 10 parameters

10 times 1D optimization < 1 time 10D optimization

Parameters could be dependent on each other = 1 x 10D optimization for accurate results

This requires a very high number of CFD evaluations
=>» Automation of evaluations

=» Smart selection of designs to evaluate

P> DAKOTA

Automated post-

v Automated Robust, stable _
Input parameters —» . T processing &
mesh generation CFD method evaluation
g r— - EEE
@INTWVDE T
HHHHHHHHHHHHHHHHHHHHHH . . .

o~
T = ’ &am =
GHENT
UNIVERSITY s e
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Smart selection of designs

Systematic sampling

time consuming ¢ o

Local optimum
¥

—_
T = & mi
GHENT
UNIVERSITY e
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Smart selection of designs

Systematic sampling -
o
_ Local optimum ®

¢

time consuming

Sampling towards improved solution

risk of local optimum
result depending on initial case

& Global optimum

—_
T = & mi
GHENT
UNIVERSITY e B
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Smart selection of designs

Systematic sampling

time consuming ocal oo
ocal optim

Sampling towards improved solution

risk of local optimum
result depending on initial case

Sampling towards improved solution with randomization

given sufficient time always reaches global optimum
delicate balance between order and chaos
High order: waste time near local optima
High chaos: previously information “lost”

.Global optimum

T 1 M
GHENT
UNIVERSITY e
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Smart selection of designs

\ Create random designs
Genetic algorithm = theory of evolution A

Parameter values = genes l

Evaluate & rank designs
Best designs pass their genes to next generation

How to determine what are the best designs? 9 < ' < . < .
1. Select an appropriate objective function

2. Evaluate the objective function value for all designs / \
3.
4.

Rank designs according to objective function value |
Add mutations

Highest ranks are the best designs ' Select best designs
27 \
9 2 ' -
Mutations can occur and introduce a random element in the gene pool \ : ' n /
T W e bl

Create a new generation

GHENT '. .N = o
UNIVERSITY ordesigns
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Optimization results - TEF

Generation 5 10 15 20 25 30 35 40 45 50 55 60

1040

11030 ,

1020

1.15 |

T [K]

1010

» Upstream part elongated & flattened
» Downstream part compressed
¢ » Formation of cusp at downstream edge

L I | s o | |
0 200 400 600 800 10001200 1400

Design number [-]

N

I =H
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Close up to optimization results

Objective function can be debated.
Constituting elements can give a more detailed impression

GHENT
UNIVERSITY

1.25
1.20 I
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Rapid change in TEF due to rapid decrease in Ap
= flattening & elongating upstream section

Final increase in TEF due to improved heat transfer
= cusp formation
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Deep dive

What is the impact of each geometric parameter on performance?
Design number
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ODbjective function

What is the immediate impact of 3D reactors?
+ Change in olefin yield resgies tiiffereorsuméngy ceachve sinadatns optimal case

+ Improved heat transfer . . . .
P .  Can be assessed with fast non-reactive simulations

- Increased pressure drop

T 1 M
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Optimized shape reduces pressure drop ...

Temperature [K]

Pressure [kPa]
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Maximum TMT [K]

Pressure drop [kFPa]
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... leads to a longer run length ...
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Maximum TMT [K]

Pressure drop [kFPa]
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... and reduces fuel consumption.

Run length [h]
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Conclusions

» Experiments show promising flow behavior

* Minimal dimple depth required to sustain vortices
* Reduced wall temperature can extend run length
» Uniform gas temperature results in a higher propylene yield

» Shape optimization via genetic algorithm leads to
» Lower pressure drop penalty
» Additional run length extension
» Reduced fuel consumption and reduced emissions

T =I~r
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