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Scaleup

Intrinsic kinetic
laboratory data

\) intrinsic chemical kinetics
based on elementary steps

\) conservation laws, including
transport phenomena

Industrial reactor
design & optimization
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Case:hydrocracking isomerization

Hydroisomerization

NN @ NN TH, K gen




Hydrocracking catalyst




Langmuir physisorption coefficients

H Oe- (AH,4s /RT)

with HandAH_ from Baron et al. (1998)

K. c

sat

octane

decane

C (mol/kg)

—— dodecane




Hydrocracking rate equations

alkylshift
PCP-branching r=kC..
B-scission

(de-)protonation

(de-)hydrogenation

physisorption C, = Csal L Pp
1+K Pe

Csat Ct k KprothehK pP sz
1+K ps

r =




Hydrocracking Industrial scale

Reactor geometry

reactor diameter, m 2.82

reactor length, m 7.625

Physical catalyst properties

catalyst particle diameter, m 1.3410
porosity of catalyst, pim,” 0.65
bulk density of the bed, kgm® 800
catalyst density, kgm,° 400
catalyst mass, kg 19000

tortuosity 3.7

Conditions

inlet temperature, K 540

inlet pressure, MPa 12
LHSV, m *me,°h™ 3.8
Liquid flow rate, mday" 2175
Gas flow rate, Nriday* 1100 000




Hydrocracking productstreams

LPG C,-C, <315 K
Naphtha  G-C, 315-425 K

Middle
distillates C1oCas

Residue (o >620 K

425-620 K




Hydrocracking productstreams
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Hydrocracking productstreams
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Elementary reaction family

n-alkane drocrackimy
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Elementary reaction famiiycracking




Elementary reaction famiiyoranching isomerisation

o PCP(t;1)
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Numberof adjustablgparameters

Froment (95) van Santen (97)

Feed octane n-hexane

Catalyst Pt/US-Y Pt/MOR&Pt/ZSM-5

Number of :
molecules 97 23

intermediates 57 23 + (15 + 24)
steps 811 420
parameters | 16 1

a with similar acidity
o) Including intermediates in (de)hydrogenation
Including (de)hydrogenation and transfer




Hydrocracking rate equations revisited

~ parameters to be estimated®™ =k K .

calculated via
thermodynamic dats

| -1
Csat K KprothehK,L pP pH2
ILer K Lpp/

— determined by physisorption experiments




Entropy and Enthalpy terms

ASprot(ml) _AH prot(mi)
R e RT

K protmy =€

k T ASreac(ml m2) AH reaq ml;m2)
R e 4

o kT ASyroimt) *Aeaqmimz) _ AH progmy) *AH reaqmima)
kcomp: mL "B e R e RT

o, h




Standard protonation entrop

Gasphase

AS, &R In(HYCyy)

Sohys | Physisorbespecies

ASprot:AS'ASphys

Chemisorbecpecies




Standard activation entropy

Branching isomerisationAS = 0

Srans
3

:%%In%\/ﬂ Ezn( er/IZNA)kBT g E‘LER%

Cracking : AS =




Composite activation energy
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Composite activation energy

Composite
activation energy
(kJ mot")

PCP(s,s) 45.7#0.2
PCP(s,t)=PCP(t,s) |47.5:32.8
PCP(t,1) 31.4t1.6
Cr(s,s) 70.Gt1.0
Cr(s,t) 60.9:9.1
Cr(t,s) 50.9+0.9
Cr(t,t) 32.142.2

E©°" = AH __ +AH”
prot reac Martens et al. (2000)




Activity: conversion versus space-time
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Product distribution : iIsomers

mol/100 mol C g
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Product distribution : cracking products
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" n-octane
¢ n-decane
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Alkanes

Acid catalysed reaction families

Cycloalkanes

Alky! shift

PCP branching

Acyclic cracking

Exocyclic cracking

Ring opening

T — T

Pless
G — W\M

canndeahe
S




Matrix representation
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PR OR OO
OORr OOO
POrooOo.,

l

[12344
23456

graph boolean matrix

vectors: double bond, conjugated double bond, ring, aromatic
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Network generation
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Matrix representation
: 1981 alkanes , 25065 alkenes, 20437 carbenium ions
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Relumping concept

risom(g;h) = Z Z nej r kisom(m ’mr) %*(mi)




Relumping: lumping coefficients

risom(g; h) = Z Z Z Z nejqu kisom(mk’rrhr)

+

KL,j pPi

O, _ N _
= Qi Kor (mMk ) Kisom( Qj 1O ) Korijj C; Coayj B =VigR

Ok (I+ Y Kij Py, ) Py,
J

I rT(gh): Z Z (LC)lsom(s)(g’h)Rpr(n_]L)klson(n}_y n} )HL,g Q pg
iso , m=s;t my=s,t (1+ ZKL’f pf ) sz

Ne,ikgr O o,

(Lc)isom(mmz)(g; h)= % gg q; ; 7 Kisom(04,0r ) Koo Yig

OR;




Calculation of relumping coefficients

Definition: (LC)., UEDY Nebar o, o (01,00 ) Ko V.
(LCisommume) (91 1) .ungqZZ on (04,0 ) Komj Yig

Op A8Gi(R)-2Gi(P)

e = AGY(P)

Equilibrium within lump(] = Kison(Pr = P) —

ZK.som( poe P ) Zap,

AGP(P)-AGP(P)) ) AGf(P )

AG? (0 )+ AG? (H2)

e " isom(my,m * re ;
(LC)'S"m‘”‘l”‘Z)(g h) ; g ; ; IO Nisom(mm) K. rer o (1 T)
Gl On 0., g

JUg O-PJ

ne|kr (0 J+AGY (H2)
leom ?
(Mume) = g%;;aak% K., nT)=e




Calculation of K* :

K™ et gdependent upon choice of &d carbon numbér 1

K™ et gfOr €ach type of HC i.e. alkanes, mono- ,di-, tri- and

tetraring cycloalkanes

AH? (H,)-TS®(H,) AHP(0,)-TS%(O,)
RT e RT




Calculation ofKDE!

Benson group contribution method for thermodynamic quantities

=0 =0 =0 =0 0
ncla'sses#i npidGi p nsiAGy ¢ n; AG ngidGy g NgehiBH § geh

K;(n,T): Z @ fF @R @R @ Rl @ ~RT
- 0

Alkane class , | | | : Ngchi  Nhumber of alkanes

1 1

2 (n-6)/2 n even

(n-5)/2 n odd
1 n even

O n odd
1

(n-8)/2 n even
(n-9)/2 n odd
0 n even

1 n odd




Calculation of Nggml mz£g;h)

carbenium ion class® | global symmetry number of Ne ikgr

number ions,

Reaction diP -~ moP, +nP "

1

PN

1) Structural classes of reactant ions

i N ﬂj\ n-9
according to symmetry number angs oy

2) Determination of number N
) N\CXJ/V
of ions in each class 1

nclassesne’iqu #j Wlth O-H2 5 \/+\/(CXJ\
& 0.0y,
oL
Nse(diP.; moPR.,nP.)= 8(118110) JL




Calculation of Lumping Coefficients

via combination oK"Y, , K' ¢ ;and Ny1 mo{95h)

LC voor B-scissie van diR, in moR,, en nO,

ReactiondiP - moP, +nP

8(”’ 1O)K*ref,Par n
81 K,

(LC)ges(diP;MOR4NRY)=

10 15 20

Koolstof getal




Detalled Model without Network Generation

Network generatlon Single Event model

N

Relumping

Network generation _ Single Event model

< //

Relumping




Summary Relumped Rate Equations

H.,p,C
1+>K. p)p.

» Reaction Rate Equation : r..(g;h) =

* Rate coefficient :

=(LC).....o (OsN)K7(s,8) + (LC)....., (9 h)K"(s,T)
+(LC) s (KT (L,S) + (LC),.., (95 N)KE"(H,1)

« Composite rate coefficient :

comp
Eisom(rm,mz)

KE7 (ML mM) = Ko, (M)kon(m,my) = Al e =T

conommy K g (M;T)
K. (n;T)

* Lumping coefficient: (LC)...  (g;h)= A
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Conclusions

e Intrinsic kinetics / elementareactions
o |lab reactor= Industrial reactor
e fundamental kinetiparameters

e [imited number

 Independent epts (eg. physisoiption)
e transition state thepr
e catal/st properties
* networkgeneration
 scale-yp to industrial reactor strgiht forward
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