CHAPTER 4

MODELLING AND MODEL DISCRIMINATION

As discussed in the chapter 3, the new models for
catalytic reforming processes are therefore developed by
taking into consideration the [limits of all previous

models. In addition, the parameters are also estimated
covering all previous operating conditions, The reactor
used in the new moaels is a fixed-bed reactor, The
catalyst wused experiment is the  commercial

reforming catalyst, ontain-ing 0.296 wt.%Pt, 0.311 wt.%Re
and 0.95 wt. %ClL on a Al20s support. The BET surface area
amounted to 197 m2/g and the fraction of exposed metal
atoms to 0.69.  The diameters of catalyst particles are
between 0.4 and 1.0 mm.

Assumptionst

In the development, the following assumptions are
made

(1) A one-dimensional plug flow model
to represent the catalytic fixed-bed vreactor in which
concentration and temperature gradients occur only in the
axial direction,
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(2) The catalytic fixed-bed reactor is operated
at a steady-state flow condition.

(3) The heat flux by molecular diffusion, heat
conduction and heat radiation are negligible.

(4) Pressure drop through the reactor s
negligible.

(5) Since in the plant, the hydrogen partial
pressure is always kept at a high value, the catalyst
deactivation is therefore assumed to be neglected.

In the new models, the development of a mathe-
matical model of the catalytic reforming we adopt and
approached in which

(1) Ik feeds are c6 or Cz hydrocarbons and their
mixture. The reaction network for the new models are
shown in  Figure 4-1 (for model 1 and 2), Figure 4-2 (for
model 3).
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Figure 4-1 The reaction network of the model 1 and 2
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Figure 4-2  Thereaction network of themodel 3

(2) The equilibrium reactions of ¢6 and ¢7 hydro-
carbons such as benzene and toluene are negligible.

(3) The rate equations for 6 hydrocarbons are
obtained from Marin et al. (1982) . The main reactions are
isomerization, ring closure, ring expansion, dehydrogena-
tion of methylcyclopentane and hydrocracking. The Ce
hydrocarbons are n-hexane, 2-methylpentane(2MP), 3-methyl-
pentane (3MP) , 2,2-dimethylbutane (22DMB) , 2,3-dimethyl-
butane (23DMB), methylcyclopentane(MCP) and benzene(Bz).

(4) The rate equations of C7z hydrocarbons are
obtained from Van Trimpont et al.(1986) for isomerization,
hydrocracking, ring closure, ring expansion. The C7 hydro-
carbons are n-heptane, single-branched isoheptane(SBPT),
multi-branched isoheptane (MBP7), five-ring napthenes with
seven carbon atoms (5N7) , methylcyclohexane Mcg)‘};gng;;
toluene(Tol). f‘/ Sl )3

(5) The rate equation of dehydrogenationiééj%ﬁ&2¢J

LA

S/

for model 2 is obtained from Jothimurugesan et al.(l o856y~
The first simulation with c6 hydrocarbons is to be
compared with experimental data from Shum et al.(1985) and
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Parera et al. (1986).  The second simulation is c7 hydro-
carbons which to be ~compared with experimental data
from Jothimurugesan et al. (1985), Shum et al.(1985), Van
Trimpont et al. (1986), and Shantanu et al. (1988). An
attempt to simulate the catalytic fixed-bed reactor for
benzene and toluene from a narrow boiling mixture of Cg
and C7 hydrocarbon is to be made and simulated results are
compared with experiments of Javier et al. (1988) and
Shantanu et al. (1988) by using Platinum-Rhenium Catalyst.

Reactor Model

Marin et al.(1982) have reported rate equations of
the ¢6 hydrocarbons using the Hougen-Watson rate equations.
The feedstocks are n-hexane.

The rate equations for isomerization, ring closure
, ring expansion, and hydrocracking can he written as:

isomerization

n-hexane —— 2MP ML
rate [1] = Axexp(-£1/RT) (PnHEX - P2Mp/KI)/ (Pht) (4-1)
n-hexane 3MP , AH:2
rate [2] = Azexp(-E2/RT) (PnHEX - PsMp/Kz2)/ (Pht) (4-2)
2MP 3MP , AHs

rate[3] = A3exp(-E3/RT) (P2MP “ PaMp/ks)/ (Pht) (4-3)



OMP r=" 23DMB . AHa

rate [4] = Aaexp(-E4/RT) (p2WP - P23dmb/k4)/ (Pht)

23DMB 22DMB , AHs

rate [5] = Abexp (-Es/RT) (p23DMB - Pz2dmb/ ks)/ (Pht)
ring closure

n-hexane &* MCP + Hz . AHg

rate[e] = Agexp(-Eg/RT) (PnHEX - PmcpPh/ k6)/ (Pht)

ring expansion

MCP benzene + 3H2 ., AH~7
rate[7] = Azexp(-E7/RT) (pMCP - pBzpHs/K7)/ (pHT)

hydrocracking for model 1 and 22

2MP + Ho —» 2C5- - . AHg
rate[s] = Agexp(-EQ/RT) .p2MP/T

3MP + H2 —» 2C5" . AHo
rate[9] = Agexp(-Eo/RT) .p3MP/T

23DMB + H2 —» 2Ch~ . AH1o
rate[10] = Azoexp(-E10/RT) .P23DMB/t
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(4-6)

(4-8a)

(4-9)

(4-10)
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hydrocracking for model 3

n-hexane + 2 —» 2C5~ . AHg
rate [s] = Agexp(-Eg/RT) .p=2M /T (4-8 )

A1 to Ao and £1 to e10 are Arrhenius constants and
activation energies, respectively. PnHEX' P-MP' PsMP' P22DMB
t P23DMB' Pmcp' Pbz' Ph and K_ to Kz are the partial
pressures of n-hexane, 2-methyl-pentane, 3-methylpentane,
2,2-0imethylbutane, 2,3-dimethybutane, methylcyclopentane,
benzene , hydrogen and equilibrium constant of each
reaction, respectively. r is adsorption constant.

Van  Trimpont et al. (1986) have reported rate
equations of Cz hydrocarbons on commercial Pt-Re/Alz203
catalyst (the rate equations of the Houyen-Watson type are
used in this model). The main reforming reactions are
isomerization, ring closure, ring expansion, hydrocracking
and dehydrogenation of methylcyclohexane. The feedstocks
are n-heptane, 2,4-dimethylpentane, methylcyclohexane and
toluene.

The rate equations can be written as

Isomerization

n-heptane ?=* SBP7 , AHLL
rate [11] = AL1eXp (-£11/RT) (PnHEP - Psbp7/"s)/ (4-11)
SBP7 MBP7 , AHI12

rate [12] = A2exp (-£12/RT) (Pshpr - PMBP7/K9)/ (PhM]) (4-12)
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ring closure

n-heptane 1 =* 5Nz + Hz , AHis
rate[13] = AL3exp(-£13/RT) (p1ttr - PsNePhskao)/ (PHr)  (4-13)

ring expansion

5N7 A=" MCH . AHaa
rate [14] = Asaexp (“£14/RT) (PsNz - Pmch/K71)/ (Ph") (4-14)

dehydrogenation of methylcyclohexane for model 1,3

MCH *=z Tol + 3H2 . AH1S
rate [15] = A73exp (-£13/RT) (Pmch  PtolPh~ £12)1 (4-15a)

dehydrogenation of methylcyclohexane for model 2

MCH A=1 Tol + 3H2 . AHis
rate[15] = 1366exp(-6200/Tah3) (pMH - PToiPh3/k12)/e (4-15 )

hydrocracking

SBP7 + Hz — » 2C6- , AH1s
rate[16] = Azgexp(-£10/RT) -Psbpz/(P h?) (4-16a)
MBP7 + H2 —» 2Cg" , AHa7

rate [17] = Alzexp (-£17/RT) .pMBPz/ (pHr ) (4-17)
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hydrocracking for model 3

n-heptane + Hz —» 2C6~ , AHie
rate [16] = Al5exp (-£16/RT) .pSBPz/(p HD (4-16 )

piker. PsBP7- PMBPT' P5N7' PnmCH Ptol anc* Ph are the
partial pressures of n-heptane , single-branched iso-

heptane , multi-branched isoheptane, five-ring napthenes
with seven atoms, methylcyclohexane, toluene and hydrogen,
respectively. [ and 9 are the adsorption constants for
acid and metal adsorption terms.

Model Development

Material balance 1is

0X]

d( I Fre) Ri (18
Energy Balance is
. BC 4T - x CAHON (4-19)

Y Fhe d( [/ Fne)

where R} is net rate of multi-reaction of component j
r_ is reaction rate of component |
Fj is molar flow rate of component |
Fjo is molar flow rate of component j at initial
condition
is weight of catalyst
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T is temperature

X| is fraction conversion  of component j
Cpj isheat capacity of component |

AHi s heat of reaction of  reactioni

For example, the global rate of reactions of model 1
for different component of Cg and Cz hydrocarbons are given

as follows:

Cf, hydrocarbons

Il = o o ratellratels]ratels (42 ;
F2] = d(d)?\éam) rate [1] -rate [3]-rate L4 -rate [s] (4-21:
F[3; d(d)%ic) = rate[2]+rate[3]-rate]7] 4-22;
Fl4] = d?%) rate [5-rate [10] (4-23;
F[5] = d((j)Q/D\B) rate[4]-rate[5] 424
JORE = rate [o]-rate [1] 4-25]

i P

0 Xz

FIT7; d( /ic) rate [7; (4-26]

F[s]:—drrha:r—c):rate [e]+3.rate [T]-rate[8]-rate[9]-rate[lo;

(4-27)
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d Xcs

B2 4 g

(rate[s]trate[9]+rate[10]).2 (4-28;

Cz hydrocarbons

F 10" d(dX’}HFH;C) rate[11]-rate[13] 4-29)
a0 d(d)jtghc) rate [15] (4-30)
Fl12) = g Mg = rate [Le]-rate (19 4-3i:
FI19) = f g = rate [18]-rate [14 4-32:
(1] = g X _ rate [11]rate (123 e 1] 4-33)
F[15] = AptyNQ- ~ rate [12]-rate [17; 14-34:
FI16] = d(d;“F‘hc) rate[13]+3.rate[15]-rate[16]-rate[L7]

(4-35:
F17] d(dfcghc) = (rate[16]+rate[17]) .2 (4-36:

The material balance and energy balance equations
for various components are obtained after the mole
fraction of all reaction systems and the total pressure
are substituted by »i = xir in the equation i where xt is
the mole fraction of component I. The energy balance
equation can be written as
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Ce hydrocarbons

&XA Fhm)ﬂ = -prk[(-Arinraw[l] + (-AHz2)rate [2] +
(-A Hs)rate [3] + (-AFU)rate [4] +
(-AHs)rate[5] + (-A HO)rate [¢] +
(-A 7)rate[7] + (-AHs)rate[s] +
(-A Ho)rate [9] + (-A Hio) rate [10] ]

(4-37)

cz hydrocarbons

-&(-/ ﬁiﬁ*z = Tjﬂﬂﬁ{( A Hu)rate [11] + (-A Hiz2)rate [12]

(-A Hoyrate [13] + (-AHia)rate [14] +
(-AHB)rate [15] + (-A Hws)rate L16] T
(-A Hn) rate [17] ]

(4-38)

where c¢Pmix is the heat capacity of gas mixture
Fhc® is the total molar flow rate of hydrocarbons

at initial condition

The overall rate of temperature, change along the
reactor is

(4-39)
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Thus, the mathematical model can be written in a
set of system equations as

Cfi hydrocarbons

FIN] = ¢ (xnHEX, X2Mp, X3Mp, x220MB* x%23DMB* XMCP* xB.' X,
xc5'/ T, P)

(4-4

The boundary conditions at W/FHC = 0, XnHEX, X2Mp,
X3Wp, X22DMB, X23DMB, XMCp, XB2, XH, XC5 = 0, T = Tin, where
Tin is the temperature at the reactor inlet,

c7 hydrocarbons

F[N] = f(XnHEp, XTO1, XMCH, X5N7, XSBp7, XMB?7, XH, xc6

(4-41)

The boundary conditions at W/FHC = 0, XnHEp, XT01,
xmcr XBONT, XSBp7, XMBp7, XH, xc6 =0, T = Tin.

From the models of ce hydrocarbons (Equation 4-20
to 4-28) and c7 hydrocarbons (Equation 4-29 to 4-36), we
can solve the parameters for all models. The best model
can predict the process behavior and give the response which
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close to the experimental data(see input data in Appendix
E). The model can be predicted in the temperature range
325-505 °c, under pressure 1-15 bar and feedstock is Cg or
¢z hydrocarbons or their mixture.

The values of Arrhenius constants(A) and activa-
tion energies (E) from parameter estimation by MATLAB (see
parameter estimation in Appendix F) are shown in Table 4-1
(for model 1 and 2), Table 4-2 (for model 1), Table 4-3
(for model 2), Tahle 4-4 and Table 4-5 (for model 3).

Table 4-1 Arrhenius constants, activation energies and
adsorption constants for Cg hydrocarbons
(model 1 and 2)

Reaction Ai Ei
(kmole/kg cat.h) (kJ/mole)

Isomerization A1 = 7.34 X 1010 134.8

A2 = 7.34 X 1010 134.8

As = 522 X 10os 114.9

AN =3 Bx<TI 134.9

As = 6.13 X 10os 114.9

Ring closure A6 = 4.45 X 101s 258.7

Ring expansion A7z = 1.04 X 1012 120.7

Hydrocracking As = 1.42 X 1009 132.1

Ao = 1.42 X 1000 132.1

A1 = 1.73 X 1009 132.1

Adsorption term
= (1+Khex+ (pnHEX+P2Mp+P3Mp+P22DMB+P23DMB)/P h

+ kmcp Pmcp/Phy2
Khex = 8.389 , Kmep = 195.9



Table 4-2 Arrhenius constants, activation energies and

adsorption constants for c¢7 hydrocarbons

(model 1)
Reaction Ai Ei
(kmolelkg cat.h) (ki/mole)
Isomerization Ali = 3.82 x 1014 192.5
Az = 1.52 x 1014 192.5
Ring closure A1z = 1.02 x 10s1 429.1
Ring expansion Aia = 1.84 x 1024 319.1
Dehydrogenation of
methylcyclohexane Al5= 8.57 x 10l o4 145.1
Hydrocracking Alg =160 x 1017 231.4
Az= 160 x 1017 231 .4

Adsorption term for the acid function:
[ = (pu + kcb- pcb- + kpz Pp7 + kvo1 ,701 PH)/pH
Ke6 = 90.1 , Kp7 = 3.0 , Keox = 7.5 har 1

Adsorption term for the metal function:

0 = 1 + KnHEP PRHEP + kmch Pmch + KTol Ptol

moner ~ 1-84 bar <MH =1.98 bar-1, Kroz = 10.4
bar-a

a Units in kmole/(kg cat.h.bar)



Table 4-3 Arrhenius constants, activation energies and

adsorption constants for c¢c7 hydrocarbons

(model 2)

Reaction Al Ei
(kmolelkg cat.h) (kj/mole)

Isomerization Al: = 4,92 X 1014 197.7
Az = 1.65 X 1014 197.7

Ring closure Az = 6.41 x 1030 437.4
Ring expansion A = 1.08 x 1025 326.8

Dehydrogenation of

methylcyclohexane A15= 2.10 x 10lla 152.4
Hydrocracking Aib = 3.44 x 1017 248.5
Atl = 3.44 x 1017 248.5

Adsorption term for the acid function:
r - (Ph+ Kcb6_ Pcb- + «y1 Pp7 + Kroz pTox pH)/pH
Keb6 = 90.1 , Kpz = 9.0 |, Krox = 7.5 bar -1

Adsorption term for the metal function:
0 =1+ Klo1r 11!
Kroo = 0.0633exp(1600/Tabs)

a Units in kmole/(kg cat.h.bar)
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Table 4-4 Arrhenius constants, activation energies and

adsorption constants for ce hydrocarbons

(model 3)
Reaction A Ei
(kmole/kg cat.h) (kjimole)
Ring closure Ax = 4,52 X 1017 254.6
Ring expansion Az = 9.49 X 1010 137.3
Hydrocracking Az = 1.07 X 1009 147.3

Adsorption term
= (1+KHEX+ (pnHEX+p2Mp+P 3VP+P 22DVB+P23DMB) / p H

+ kmep Pmcp/P hy2
Kbex = 8.389 , Kmep = 195.9

Table 4-5 Arrhenius constants, activation energies and
adsorption constants for c¢7 hydrocarbons

Reaction Al Ei
(kmole/kg cat.h) (kj/mole)
Ring closure Aa = 277 x 1031 450.4
Ring expansion As = 1.15 X 1024 331.6
Dehydrogenation of
methylcyclohexane As = 2.48 X 101la 147.6
Hydrocracking Az = 1.22 x 1017 241.0

Adsorption term for the acid function:
T = (Pnh + KC6- pc6- f Kpz Ppz + Kror pTol Ph)/Ph
K6 = 90.1 , Kpz = 3.0 , Keox = 7.5 bar 1

Adsorption term for the metal function:

d = 1 + KnHEp PnHEP 4 kmch Pmch + KTol Ptol

KnHEp = 1.84 bar-1, "CH = i-98 bar 1, Kpol — 10.4
bar-1
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Comparison of Model Fitting

The errors between model fitting and experimental
data for the new models are shown in Table 4-6

Table 4-6 Comparison of Model Fitting

Error = £_(vaif

CASE ~ COMPONENT MODEL 1 MODEL 2 MODEL 3

. 1C6 0.50 0.50 -
c5 0.33 0.33 0.90
|_32 0.36 0.36 1.20
2 1CO 0.13 0.13 -
o 0.64 0.64 110
Bz 540! 0.37 1.40
3 |C6 0.10 0.10 -
Cs. e 1,17 1.90
Bz 0.09 0.09 0.54
4 IC 7 0.68 0.86 -
06- 0.86 1.02 1.10
Toluene 0.04 0.77 0.97
5 Ic7 1.07 2.65
5N7 0.03 0.77 -
Co 1.03 2.38 2.55
Toluene 0.74 1. 42 1.79
6 Ic7 0.82 2.38 :
ch 0.17 1.61 1.73
Toluene 0.86 1.17 1.33
1 Toluene 0.06 0.03 0.12
8 Toluene 0.07 0.07 0.26
9 Toluene 0.26 0.19 0.44
10 Toluene 0.41 0.43 0.69
11 Toluene 0.03 0.10 0.15

12 Toluene 0.28 0.55 0.66
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Table 4-6 Comparison of Model Fitting(continued)

Error = £ (vi-viy2

CASE ~ COMPONENT MODEL 1 MODEL 2 MODEL 3

13 Toluene 0.01 0.12 0.38
14 Toluene 0.47 0.53 0.91
15 Toluene 0.03 0.31 0.35
16 Toluene 0.01 0.35 0.63
17 Toluene 0.07 0.46 0.99
18 Toluene 0.03 0.66 0.72
19 Toluene 0.03 0.66 0.64
20 Bz 0.03 0.03 0.37

Toluene 0.33 0.62 0.88
21 Bz 0.05 0.05 0.42

Toluene 0.09 0.75 0.76

From Table 4-6, the data were most satisfactorily
correlated by model a1 while the model 2 is suitable for
pure methylcyclohexane feedstock only and the errors of
model 3 are higher than the errors of model 1 and model 2.
Therefore, the model 1 is the most appropriate to use for
this study.
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