CHAPTER 5

MATHEMATICAL MODEL AND SIMULATION

.As discussed in chapter:4, neither Smith nor Krane et al.
considered the reactions of fivéf;ﬁg;six membered ring naphthene,
alkylcyclopentane and alkylcyclohexane. Results from experimen-
tal study by Emmett (1951) showed thnt the dominant reaction of

"the six nelbefed ltphtheneg, alkyleyclohexanes, into aromatics
is the fastadt :eaction. On the other hand, the five membered
naphthenes, alhylcgclopentane have first to undergo isomeriza-
tion, which 13 a slov teaéﬁlon, before dehydrogenation takes
place. Hennlngsgﬁ et nl. (13?9) used the following scheme for
modeling the féfurl1gglreac§xgps by using platinum on alumina
catalyst. Feedstock i& ;unped:iigﬁ'noflal paraffins, isoparaffins
', alkylcycldpentaneat,alkylcyéi;hgxnnes, and aromatics. The limi-
tation of tﬁis model is the prediction of aromatics composi-

tion. The rate constants were estimated at specified hydrogen
and total hydrocarbon partial pressures which may have some
effect on theirate constantsodue to adsorption on the active
sites of the cathlyst. After. 1970, other works have used the
modeling" approach of Henningsen et al. in different pattern.
But ‘product,) .compogitions  for catalytic reformiilg,  particularly
benzene, toluene is not included in the models.

With 1limitation of the previous models, a new model for
catalytic reforming is thus developed taking into consideration
the 1limits of all previous models. The reactor used in new the

model is an adiabatically catalytic fixed-bed reactor. The



catalyst used in the new model is based on the experiment of
Marin et al., (1982) and Van Trimpont et al., (19868, (1988). The
catalyst used in their experiment was the commercial reforming
catalyst CK 308 of Cyanamide-Ketjen (Akzo Chemie), having a
surface area of 179 lzlg and containing 0.59 wt% Pt and 0.67 -wt%

cl. Thelcatalyst was crushed and sieved to 0.4-1.0 mm. size.

5.1 Assumptions 7
: In the'development, the following assumptions are made

(1) A'ohé—dilensioﬁpl plug flow model is used to repre-
sent the catalytic fixed—bed reactor in which concentration and
temperature grpﬂlents occur n.nly in the axial direction.

(2) Thp eatdlytlc IlXed—bed reactor is operated at a
steady state flow cohdatlon. JT ‘;

(3) The heat flux bfjhplecular diffusion, heat conduc-
»t1on and heat radiation ‘are negliéﬁble.

(4) Pressure drop hhrqﬁgh the reactor is negligible.

5)_;$1nce in the plant, the hy@gogen partial pressure is

always kept;ﬁi_a high value, the catalyst deactivation is there-
fore assumed £o be neglected.

In the new.model, the development of a mathematical model
of the catalytic reforming we adopt on approach in which:

(1) The feed ,is classified into Cg and C, hydrocar-
bons. The -veaction models of C; and |C, hydrocarbons for the new
model are shown in Figure 5-1 and 5-2, respectively.

(2) The equilibrium reactions of Cg and C, hydrocarbons
such as benzene and toluene are negligible.

(3) The nmathematical model consists of material and

energy balances as reviewed in Chapter 4.



(4) The rate equations for Cg hydrocarbons (as shown in
Figure 5-1) are obtained from Marin et al. (1982) vwhich used
platinum on alumina catalyst. The main reforming reactions are
isomeriza-tion, ring closure, ring expansion followed by
dehydrogenation and hydrocracking in which the isomerization on
a single-site surface reaction (acid alumina function) is rate
deterliﬂing step. The rate,eguations used Hougen-Watson rate
equations in which the influence of‘ﬁelperature on the adsorption
on a site of surface reaction is condidered. The Cg hydrocarbons
in "the new modedrare n-hexane, 2-methylpentane (2MP), 3-methyl-
pentané '(3HP).”Z!B-dinethyqbutane (22DMB), 2,3-dimethylbutane
(23DMB), lethylé;;Iopentaneﬁ(HCP), and benzene (BZ).

(5) Theé rate edﬁétigis of C, hydrocarbons (as shown in
Figure 5-2) are a‘bt.aingd from Ven Trimpont et al., (1988) for
isomerization, ring,>glosu£§$,;ring expansion, hydrocracking
reactions, and froam Vﬁgl}rinp@é&det al., (1988) for dehydrogena-
tion of lethylcfclphéxane. Théig, hydrocarbons are n-heptane,
single-branched iqpyeppane E?ii!)z multibranched isoheptane

(MBP7), five ring naphthenes with seven /carbon atoms (5N7T),

methylcyclohexane (MCH), and toluene (TOL).

The };first simulation with Cs_hydrocarbons is to be
compared with, _experimental data from Marin et al. (1988) and
Christoffel (€1979). The second simulation with C, hydrocarbons
is to be compared with experimental data from Heinemann (1951),
Hettinger ~eto &l.<1955) jVan Otrimpont’) et ~all)(1988), and Van
Trimpont et  'al.” (1988). an atlempt to Simulate an catalytic
fixed-bed reactor for benzene and toluene from a narrow boiling
Ce to C, (140 to 228 °F) East-West Texas (EWT) is to be made
and the simulated results are compared with pilot plant data by

using the Platforming processes developed by the Universal 0il
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Products Co (Meerbott et al., (1954)).

5.2 Reactor Model

Reaction rates: Marin et al. (1982) have reported rate
equations of the Cg hydrocarbon of naphtha over a commercial
reforliﬂg Pt-Al,0, catalyst. Tpe main reforming reactions are
isomerization, ring closure, riﬁ}ﬁexpnnsion followed by dehydrog-
enation and hydroeracking. The rate equations of the
Hougen-Watson —t¥pe are used in this model. The feedstocks are
n-hexahe; z-léihylbentané'u(ZHP), 3-methylpentane (3MP), 2,2-
dimethylbutane, 2,3—dileyhyibgtane, methylcyclopentane (MCP), and

—

benzene (BZ).ﬁf‘

— =t

The £até edugtiobg’ior isomerization, ring closure,

ring expansion, h&drogrg?kiné}gﬂ_cs hydrocarbon can be written as

|
‘.-“- .“'Jt\.ﬂ
isomerization /= - 20

S =

n-Hexane M;#;:::::' 2-methylpentane , ‘ﬁga

ratef1] = A/ exp(-E_/RT) (P

- B, /B9 / (P, T) (5-1)

n-Hexane = =" 3-methylpentane , aH,

S ANY (AT I o) (5-2)

ratel2) = A, exp(-E_/RD) (P, ..
2smethylpéntaie | =% | (3-methylpentade | ) aH

rate[3]1 = A, exp(-E,/RT) (P, - P,,./K)) / (P,7) (5-3)

2-methylpentane S—= 2,3-dimethylbutane , aH,
rate(4] = A, exp(-E,/RD) (P, - P S (5-4)

.



2,3-dimethylbutane b e 2,2-dimethylbutane , aH

rate[5] = A_ exp(-Eg/RT) (P - P /KD 4 (P, T) . (5-5)

23DMB 22DMB

ring closure

n-Hexane S—° HCP + B, . AN

rate(8] = A, exp(-Eg/RT) (P_ .. - P, P /K) / (PR,T)  (5-8)

ring expansion

o

MCP . <—— " Beag€a€  + | 3H_ 5 aH

o, | >
ratel7] = A, EXpLE (BRIP4, |\ = By, By 7K)) / (B, T) (5-7)
hydrocracking —
ey
2MP + H, 205 gl
ratel8] = A, exp(-E,/RDP___ 27 (5-8)
: s ,fj;
SMP + H, — sz = N
rate(9] = AyexpCE/RTY P /T . (5-9)
22DMB + H, 20— -y -all o
rateC101 = A, expt-E /RT) P o / 7 (5-10)

A,"to A, land E, to/E are  Arrhenius constants and
activation energies of Eq.(5-1) to (5-10), respectively, as
shown in Table 5-1. P P

P

nHEX? eMp? Psnr' P:anns’ Pgamﬂ’ Pnz’

wcp» P, and K, are the partial. pressures of n-hexane,

2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, 2,3~

dimethylbutane, benzene, metylcyclopentane, hydrogen and
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equilibrium constant of i " reaction, respectively. T is
adsorption constant as shown in Table 5-1.

The rate equation of C, hydrocarbon are obtained for
isomerization, ring closure, ring expansion from Van Trimpont et
al. (1988), and dehydrogenation of methylcyclohexane into
toluene from Van Trimpont et al. (1988). The feedstock are
single-branched iso-heptane (SBP7), multibranched isoheptane
(SBP7), and five-ring naphthénés:uith seven carbon atom (5N7),
n-heptane, methylcyclohexane, and toluene. The rate expressions
for isomerization, ring closure, ring expansion, dehydrogena-

tion of letyiqyelohexane%fnd hydrocracking are written as

&

isomerizafion b ¢

n-heptane —=—% SBP7T ., aH_,

ratef111 = A [ exp(E, /RT) (Byd = P,,../K, ) / (B, T) (5-11)
Ay iﬁ; :
SBP7T +——> MBPTIEES < anl

ratef12] = A, exp(-E__/RT) (P, - P

ie

/XK,.) /7 (P, T) (5-12)

MBP7

ring closure it

n-heptane S—===% O5N7 + H, o/, aH_,

rateC13Y| : A; exp(<E,./RD)| (B_,.0 = Po.) B /K, ) 7 (BR,T)
(5-13)

ring expansion

SNT. =¥ HOH . AN,

ratef14] = A,, exp(-E, /RT) (P, - P, /K ) / (P, ) (5-14)



Table 5-1 Arrehenius

constants,
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activation energies and adsorption

constant for Cg; hydrocarbons obtained from Marin et al.,

(1982)
Reaction A, E,
kmol/kg" o8t b kJ/mol
" |
Isomerization &7 = 1.715 X102 147.3
B 4,/ =\1.510 x 10*° 147.3
A =%p.7ss x 20" 125.2
A, =8.587 x 10° 147.3
'a, '=1.029 x 10° 125.2
Ring closure Aq = 4.004 % 10" 264.6
Ring expansion &; = &;égé x 10%° 147.3
Hydrocracking AL = 6.7§€éx 10° 147.3
| Jﬁ@;' - 9%?%}5;‘10' 147.3
A, = 9.494 x 10° [ 147.3
common adsorption term:
T = 13 K!IZ)(_(PnlIIR+PGHP+P3HP+PIGDHI+PESDHI),Pll +KH¢PPHOPIPH)I
x . 7.601, k., =2.018 x 10




dehydrogenation of methylcyclohexane

MCH S———= Toluene + 3 H, , aH,_

a 2
ratel151= A,, exp(-E,./RT) (P, - P_,, P, "/K )/ (P @)

(5-15)
hydrocracking
SBPT + H, —SNENI/L
rate(161 = A, eXP(=E, /RTNP_ ol (5-16)
MBPT + H, == g/ \ | aH,
ratel17] = A g expEL/RT) P . /T (5-17)
Pnnzr’ 4 ps'n.lr'zr' :* Pnnrv’ Psu'r’ Pncn and

P.,. are the partial,,p}essﬂ}g&; of n-heptane, single-branched

isoheptanes, multibranched iiﬁhgphanes, five-ring naphthenes with

seven carbon atoms, mb%bylcyc{éiéﬁane and toluene, respectively.

T and @ are the ;'adsoﬁ;;ign. constant for the acid and
metal adsorption terms, A, to ALn_aqgfﬁi.Lo E,, are shown in

Table 5-2. -/ ~

5.3 Model Development

Under" | the = stated assumptions for the new model of
the catalytic reforming, the system equations take the following
fors

Material Balance

dx, = R, (5-18)
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L 4
Table 5-2 Arrehenius constants, activation energies and adsorption
constant for C, hydrocarbons obtained from (Van Trimpont
et al.,(1988) and (1988))
Reaction A, E,
kmol/kg cat. h kJ/mol
.1 a
N Isomerization 4., F 18910 87.75
a
N/, £ 1.83 x 10 87.75
Ring closure _ AL = 2.48 x 107 256. 4
Ring expansion/ A~ =-9.08 x 10° 256. 4
Dehydrogenation of A} A\ 4
v Y
methylcyclohéxsge | A.. = 8.45 x 10 " 121.7
Hydrocracking Ay =243 210" - 256. 4
i vl P
Ay 1-;.‘?& x 10 256.4
Adsorption tern for the acid function |
CiRe (PH +- ..Keo— co- ¥ Kp,Ppy ¥ II'IPI" F x-rox. -ror.Pu)’P
. -1
¢ Koo = 107, K, = 21.9, K, =659, x,“_= 70.3 bar~
Adsorption teérm for the metal function
© = ¢4+ Ky Proy o A eXP(-aH°/RT) (P /P.")
S o r- A= 1.47 x-10. “bar, aH”-= 99. RO
ak 0.27 ba A= 1,47 18, =D H 99.77, ki/mol

® Units in (kmol bar)/kg of catalyst h).
® Units in lmol/(kg of catalyst h bar).
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Energy Balance .

(= F‘ Cp‘) dT = ¥X(-a H‘) r, (5-19)
J
Fo.0 d(H/F"co)

A

where R‘ is net rate of multi-reaction of component j.
r, is reaction rate of reaction i.

F, is molar flow rate of’cqnponent i.

F,, is molar flow rate of component j at initial condi-
AR tion.
‘ w is welgpt of catalyst
T is henpgfture.ﬂ
X, 1s‘fractlon,cogbe£sion of component j which defined as
;; y-, b,J
x, =9 s?FF!,_. .
Fi.0 e '\
: -r;@@
C,‘ is heat capaclty qf species j
o Hi 1s heat of reaction of renction ;
4 . The mtherlodynanic properties, heat capacity, heat

forma-tion, Gibbs.free energyiof formation and equilibrium con-
stants ‘are  calculated for different reactions in Appendix
A and C." The transport properties and viscosities of gas mixture

are ‘in Appeadix D.

The global rates of reactions for different components

are given as follows:
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For C, hydrocarbon

FL1) = dX_, .. = -ratel1]-ratel2]-ratel6] (5-20)
d(W/F, 0)

Fr21 = dx_ = 1-rate[4]-ratel8] (5-21)
d(W/F, 0

FL3] (5-22)

FL4] (5-23)

FL5] (5-24)

FL8] (5-25)

X

FL71 = ratel7] (5-28)

ﬁ_"ﬁﬂﬂﬂSWﬂﬁﬂﬁ
%rm% mmmﬁwzrﬁ’é‘sr-““‘::im

F[91 = dx = (rateCBl+ratel91+ratel101)%2%0.07 (5-28)

d(W/F, 0




(ratelB8l+rater9)+rate[10])%2%0.31

(rate[8l+rate[9]+ratef101)%2%0.38

" E rate[14]-rate[15]

ﬂ'ﬁﬁ’”ﬁ NYNINYINT

FL101 = dX_,
d(W/F,_0)
F[111 = dX_,
d(W/F,_ 0)
FL121 = dX_,
FL131 .=
For C_ hydro
FL14] =
FL151 =
1
FL16] = "cu ¢
FL17]1 = ;
FLC18]1 = dX

SBP7

d(W/F, 0)

= ratef131-rate[ 143

mumwmaﬂ

='rate[il]-rate[lZ]-rnte[18]

83

(5-29)

(5-30)

(5-31)

(5-32)

(5-33)

(5-34)

(5-35)

(5-36)

(5-37)
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FL18] = dXHBP7 = ratef12]-ratel171] (5-38)
. d(W/F, 0)
FL20] = dx" = ratef131+43#%rate[15]1-ratef16]-ratef17]1 (5-39)
d(W/F,_0)
FL21]1 = ch1 = (rateC161+4cater171)%2%0 (5-40)
d(W/F,_0)
2
F[22]~=“dXé£ = (rateC16]+ratel171)%2%0.187 (5-41)
d(W/F, 0} \
FL23] = dxca - - (rate[lBIi;Fte[17])*2#0.375 (5-42)
d(W/F,_40) /i
FL24] = dxc‘ = (rdté[lﬁ]ifﬁhg[lT])*2*0.313 (5-43)
et 2esidd
d(W/F o) —l
FL25] = ch8 = -'(ra%eﬁiﬁi+rntpf1?])!2¥0}125 (5-44)
d(W/F, 0) :
FL26]1 = dxc° ' = Arate[ 161 +ratel17])#2%0 (5-45)
d(W/F -0)

The selectivity of cracked products for the.reforling of
Cg hydrocarbons are 0.07, 0.31, 0.38, 0.21 ana, 0.03 for
methane, ethane, propane, butane and pentane, respectively
(Marin et al., (1982)).

The selectivity of cracked products for the reforming

of C, hydrocarbons are 0, 0.187, 0.375, 0.313, 0.125 and 0 for
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methane, ethane, propane, butane, pentane and n-hexane, respec-
tively (Van Trimpont et al. (1988)).

The material balance and energy balance equations
for various components are obtained after the mole fraction
of all reacting systems and the total pressure are substi-
tuted by p,= x, P in the equation i which x, is mole
fraction of component i. The  emergy balance equations can be

written for each hydrocarbon as

.

For C, hydrocarbon
( dT Y, A (-aH) ratef1] + ((-aH,) rate[2]

d(W/F,0) c.4.1- v

+(-aﬂ;)fratec§i +#(-aH_) rateC4] +(-aH_) rate[5]
sk o
= 5
+(-aH_ ) ratef83 +(-aH)) ratel7] +(-aH,) ratelB8]

ol

©#(-aH,) ratel91 +(-aH,,) rate[10]

For C_ /hydrocarbon

(. dT Y (-aH,)ratef11] + ((-aH,.)rater12]
d(W/F, 0 4.5

+(-aH_  )ratel[13] +(-aH, K Jdrate[14] +(-aH,  )ratel[15]

+(-aH_ )rateC18]1 +(-aH _)ratel17] (5-47)




where Cp is the heat capacity of gas mixture.

MIX
F,c0 is total molar flow rate of hydrocarbons at initial

condition.

L THO overall rate of telpefatnre change along
the reactor is obtained by adding the contribution of indi-

vidual reactions:

4

F(27) = ( dT — . ), + CdT ),
d(W/F, 40 dCH/F, 0 d(W/F, 0
(5-48)

Thus,+ the lathelatiqal_lodel can be written in a set of

system equations as

-for C, hydrocarbon - =

F(N) = f (X,

wHEXS Kgrry K3 X

sur® Neeone? Assomp® Xmcrd Xpzs Xyo Xogos
Ty P) F (5-50)
where N=1,...13. :
The ;, sboundary .conditions, at -W/F 0 =0, X_ .., X,..»

X Aok 132 9,UT =T _, vhere T _

amMp? xaznun’ xzsnna’ xucr’ xnz’ X

is the temperature at the reactor=inlet.
for €, hydrocarbon

FID = £ (X Xii.s o Xiio'T, T

(5-51)

nHEP? x'ror.’ xuen’ xsuv’ xsnr-r’

where N=14,...26.
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The boundary conditions at H/F“co ;O,X X

nHEP? ToL?

Loitor RoX - by 200

MCH? xsuv’ xsarv’ MBP

X

5.3 Development of Computer Code

The mathematical nodel of equation (5-50), and (5-51)
are solved by the fourth—ordefjhungé-xutta method (Constanti-
nidgs, 1987) to get4concen£ration and temperature at different
values  of the independent var1ab1e (W/F,.0). C programming
language is used*nnd subro}tines are shown in Figure 5-3. The
subroutines pepforl various operation such as reading of
physical prppertles fron* data bank, etc. The simulation,

solving of the aystel of d1f!er-ent1a1 equations, is carried out

on a llcrocOlputor.




START

INITIAL ALL VARIABLES

[
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RRAD- IKPUT FROM KEYGROAD
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Figure 5-3 Flow chart of the prograsming
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