CHAPTER 4

REVIEW OF MODELING OF REFORMING PROCESSES

4.1 Introduction

' Kinetiqﬁgnoa 8/ of reforming processes were first de-
veloped by Slityf(fgii)and érnne et al. (1959). smith considered
the modeling ;ﬁ,ﬁigéouffteahﬁbr reforming system and included

e:ﬁyg;j&hé,fEed_Eq;lulped into three groups, paraf-
;éfgéfarOIEhi;i, and the reactions to be consid-

I <o G ) 3
raion of naphthenes into aromatics, conversion

temperature ef
fins, naphthen
ered include con
of naphthenes 1nﬁb paraffins, E&grocracklng of paraffins, and

=

hydrocracking of naphthenes. ?%?‘

e B _._

Krana et al considered that the n&phtha be broken down

into its se omponents an al esg;conponent be  lumped

into clnsses of components with similar properties and kinetic
behavior. The tenperatnre dependence was not determined.
Henningsen, et al. 11970) 0/ |considered - alkyleyclohexanes
and alkylcyclopentanes because the dominant reaction of the
alkylcyclohexanes. is by far the direct dehydrogenation and the
alkylcyclopentanes have first to undergo isomerization, which is

a slow reaction , before dehydrogenation take places. Followings

are reviews of the main models of reforming processes as pub-
lished in literature.
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(1) smith reforming model,
(2) Krane et al. reforming model, and

(3) Henningsen et al. reforming model

4.2 Smith reforming Model

Kinetic model of the reforming processes with platinum
catalyst was studied by Smith (1959). He presented a model by
considering four major reactiond;”ihgﬁnaphtha feed is lumped into

paraffins, naphthenes, and gxonatics.'The four major reactions

are |
' (i) nnphtﬁéﬁeé &rrr=\aromaties “+..3 H, (4-1)
(2) pa:pff;ps <= naphWhenes "4 H, (4-2)
(3) hy@;ﬁgrpégingﬁgf Eééaffins (4-3)
(4) hytil;rof;%éic_ing of n‘gpht.henes (4-4)
4.2.1 Assumpbio Pl /8

The naphfﬁa{ﬁebd is i@éﬁ;ized so that each of hydrocar-

-

R——

Bon classes- paraffipg,J;;phthéiigﬁggnd aromatics- is represented

by a-sing]elpbnpound having the average prghqrties of that class.

This ;eactiohl&ystem is peculiary alenable;bf the type of analy-
sis because the major products have the same number of carbon

atoms as the original feed constituents, e.g.,
Heptane —— methylcyclohexane <——= Toluene (4-5)

The nature of close boiling naphtha feed also suggests
that each of the hydrocarbon classes in the original feed has the

same number of carbon atoms. Thus,

M_=n KM + n,2 M- + n

| 4 » » N N

M (4-8)

A A
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wvhere M_ is the molecular weight of feed.
M, 1is the molecular weight of paraffin (C_ H,_,,).
M, is the molecular weight of naphthene (C_H, ).
M, is the molecular weight of aromatic (C H, ).
n,, n, and n, are the mole of paraffin, naphthene,
and aromatic per mole of feed, respectively. Then,
¥ 4 :
M, =n_ (C_H, ST (Cofle® oy n,(C_ H,_,) (4-7)
J
Atomic weight.of € and H are 12 and 1, respectifely. Thus
’ }
M, = n, (120 + 20 #2) #n_(12n +2n) + n,(12n +2n -6) (4-8)
/ e Vol
or F J ol
14n(n +n,4n,) /= H_"-2n_ +6n, (4-9)
or = .
b Tl
n= 1 O - 2, RO (4-10)
14 et i o

Since n,+n'+ik'= 1 mole of feed. The average value of n charac-
teristic of a given naphtha feed is determined from equation
(4-10)

4.2.2 Reactor Model

The"' |system dis .treated as A homogepeous, i.e. only
one phase is involved. Reaction rate is derived from the homoge-
neous reaction.

For the reaction :
naphthene (1 mole) ————=  aromatic (1 mole) + 3 H,

(4-11)



The reaction «can be considered by the above rate
equation. The forward reaction is K Py and the reverse reaction

rate is k_p, p"ga. The net forward reaction rate is

< )
dix, = K-~ Pob . (4.12)
d (W/F,.)

;11 >

vhere p is the partial pressure ofieonponent i.

X, is the fraction conversion:

¥ is the Weight"of catalyst.

Fos is iblszfeed raﬂF of hydrocarbon at initial condi-

tion. 4 e T
At equilibfium, then - -?
) 4

<

F
¥

E.. . )
kepu = kr pn pnt ")‘ .

K, - Bgat———p——r—— = (4-13)

Substituting  and rearranging, the net forward reaction

rate is
3
i X} = .Ei Pd ARV PAPY] P (4-14)
4 (NeF.. ) . XKy P,

Equilibrium and rate constants determined from data
obtained from reforming run over extreme ranges of space

velocity with Sinclair baker platinum catalyst of virgin activity



are:

K, = exp (46.15 - 46,045), atm" (4-15)
58
k, = exp(23.21 - 34,750), moles (418
T, (hr) (1b cat.) (atm)

and heat of reacti_o’

) % of H, liberated
Snllar@
naphbh% '

paraffin (1 mole)

(4-17)
the equilibriu
X, -
Substﬂ.utiu"’m, f, the net forvard reaction
rate is — =
Xy W B P x - (4-18)
Eqnihbriul and rd.e constanh. are:
, = exp( 8,000 - 7 12), atm (4-19)
T
k, = exp(35.98 - 59,800), moles (4-20)
T (hr)(1b cat.)(atm)”

and heat of reaction = -19,000 Btu/mole of H, consumed



The C1 through C5 fractions produced by hydrocracking
were observed to occur in approximately equal molar portions.
Thus for paraffin cracking the stoichiometric equation would be,

for C, H,, as an example

B o +1/15 C, + n/15 C,
+ n/15 C_
or
.My + /15 C, + 0/15 C,

5C

+ n/15 C,

= (4-21)
LTBIA T
. The reactiohrn.ki is~ ek
-d x (4-22)

d (WIF

)lcr

¥here @ylﬂa’lg nﬂ lﬁ “ ﬂ’lﬂ jnstant. for hyd*-ro-
’"“ﬁﬁ“ﬁ%ﬁ@ﬁ‘%m URIAINY1A Y

= exp( 42.97 - 62,300), moles (4-23)

T (hr) (1b cat.)

and heat of reaction = -22,300 Btu/mole of H, consumed
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similarly, the stoichiometric balance of hydrocracking of

naphthenes is

Cn HZn + 2

vl e e mnbc. t NS E
: :

{\5\\ '///‘/// ; 2 (4-24)

The reaction rate iﬁ.‘:"__t_, 2

o S AR\
d (W/F,..) \ 2N

=
-4, 478

(4-25)

L

- T

s o
where ke is

(4-28)

TN 4

and heat of Fﬂction = -'éi,"éo’o"fn

M ., consumed
R
4.2.3 natgiiar- ’ )

From ¢ the law of conservation of mass on a volume-
. =% /s

g ﬂ’ﬁﬁ"?“ﬂ gNINBINT .
SRR T |

per ‘unit. time unit time per unit time per unit time

¢ 1 : : .

(4-27)
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The general form of the continuity equation for a
chemical species i reacting in a flowing fluid with

varying density, temperature, and composition is :

AL, . w. (C‘-u ) 4+ v.JJ = R‘- (4-28)
9t
Note: The derivation fbf;*gpntinuity equation for the
'y

component of fluid flowing {iﬁﬁa reactor is considered in
detail in texts™on trﬁﬂsport process (e.g., Bird et al.
(1980)). |

The tef f;nd synbbls used in this equation have the

following meanings/ RE T
C‘ is the lolatfg;hgent;ation‘bf species J (kmol/m’ fluid)

i
i

6C‘ is the non7§teidyéétatef*iéin expressing accumulation or
m—— »r 'i, "4‘
At g A ‘;E;
i 4-|"-,:..i-- -- _'.‘:;'ljl.J
depletion. o — —
# o f_ _: -
u is the thréi—dilon—ioa&l—nasa_axezage_néﬂ?city vector, defined
i v o
by: o
u = ?f M; C; uy -
i TS e
.

wvhere _p, is the demsity of the mixture and u grepresents the
velocity of .molecules of species Jj.
< is the "nabla" or "del" operator.

For rectangular coordinate system, term v is defined as

v =L 0d (4.29)

i Blct




For example, the divergence of a vector function u is

vou= OUx + dly + 9Y; (4-30)
X oY 3z
Term v.(C; u) ‘ accounts for the transport of

mass by convective e ow. / is the molar flow vector for
species j with reg& ] rage velocity. :

UL INENNEINg
1 LRDETED *Lma e )

: direction flat
1
1

Figure 4-1 Tubular reactor
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From the above assumptions, the component mole balance

equation reduces to

- B e B R (4-31)
dz
wvhere u_ is the uﬂe}{kul// ity, volume rate of flow
through a unit ¢ _‘__‘gﬁ- the solid plus fluid.

e = TE———
. R, is K ‘ Mof the amount of
because of reacti (b '

; d"\bgiollowing, for multire-
action, 3?‘§K%“\\i-
- " h \'

(4-32)

.t .
the i reaction a

If bhe reaction "'15 haﬂ s the unit could be
kmol/n® s ﬁh«r--rf—ﬂ-:n """" catalyzed J;ja' solid preference
kg cat. E‘ltiplied by the cata-

lyst bulk dens§}y, P, in the reactlon, thus Eq. (4. 31) can be

’”mﬁﬁﬂﬂﬂﬂﬂ§Wﬂﬂﬂi
ammn'ﬁmmﬁwmaﬂ

Equation (4-33) is obtained from a material balance on a

would be giveq{ ok

(4-33)

reference component Jj, over an elementary cross section of the
tubular reactor, containing an amount of catalyst dv. Indeed,

as previously mentioned, rate equations for heterogeneously



o7

catalyzed reactions are generally referred to unit catalyst
weight, rather than réactor volume, in order to eliminate the
bed density. Obviously, different packing densities between
the Ilaboratory reactor in which kinetic data were determined

and the industrial reactor, calculated on the basis of these

data would lead to differen 1ts. :
¥hen use is W sion, the material balance

ei ht':"I ogﬁt may be written as:

for over an eleme

(4-34)
where Foo 80 »%t: of hydrocarbon at
initial condi ‘ '

(4-35)"

T T
vhere A is the, cross section ‘ar

~ sion which defined as the | s

ig-the fraction conver-

(4-38)

'ﬂﬂﬁqwﬂmiWSWﬂi
AMIANIUUNIINYAY




4.2.4 Eneréy Balance Equation

In an energy balance over a volume element of a
chemical reactor, kinetic, potential, and work terms may

usually be neglected relative to the heat of reaction and

other heat transfer terms so that the balance reduces to

- - - e - - -

y

-

Amount of heat| |Amount of héatiftheat effect of| |variation of

added - out, 2 ~A{he reaction |=|heat content
per ‘unit time | |per-unit time per unit time per unit time
L e E 4 _ By 4 L 4
'1
1 - = 3 4
' V% | (4-37)

3 J 4
The mathematical express1on for Eq (4-37) is generally called the

energy equation. Aga1n referep?e 'is made to Bird et al. (1960)
for rigorous deriVab1on, in vgrmgps coordinate system, of the
fundamental energy equatlon Thp*followlng form, with respect to

......

a rectangular coordlnate systel, contains yhe phenomena that are

of 1lportance‘in reactor: ‘.

X M,C,Cp, (3T4 u.wT) =E(-alH)r + wWAVvD-= J,vH, + Q

RAD

F] ot 1 ¥
<P <2> {3 <4> <{5> <{B)
' (4-38)
where
Cp, = the heat of species j

kcal/kg ¢ or kJ/kg K

>
[}

thermal conductivity of the mixture

kcal/m.hr C or kJ/m.s.X



H, = partial molar enthalpies

= kcal/kmol or kJ/kmol
M, = molecular weight of species J
u 5 vector velocity of fluid flow

The meaning for the each term in Eq.(4-38) is :

Tern "/ Meaning
1 Changé of hest with time
2 C;;vective flow
3 Hépt effect of the chemical reactions
4 Heit transport by conduction
5 “ Energy flux by molecular diffusion
6

. ‘Rad'é’at,_ion heat flux

Furtherlore, by neglectlng the heat radiation and

diffusion ternm, and lulplng'ths‘heat conduction, the result

’v" - .-
becomes: : = T
o -

= N.C.Cp, | §_ FuoT) = 5(-aH,) T, + ?;J\e x dT)+ ()\c,yDT)
1 >t 1 A% -IX QY
+ 3 (Aez DT
o2 o2
(4-39)

where Ae;= an effective theflal conductivity.
For_. the _tubular reactor,. and the adiabatic. reactor, the
heat conductivity 'in ‘the (z-directiom 'is [usually much smaller

than the heat transport by convection, thus result equation is

= MCCp, 3T + uwo = E(-al) 1,
: dt 1

(4-40)



For the steady state condition, the first term of
left hand side of equation (4-40) would be zero. Equation (4-40)

becomes
b2 H‘C‘Cp‘ (Haw?) = Bl-all ) -r : (4-41)
J i
As in the ak&ution, Eq.(4-41) is common-

ly written as ¥ —

(X F, C L 7 _ (4-42)

" HUEInenINeng
AR NN 8 Y

and similar equations for reaction (4-2), (4-3), and (4-4). X, is
the conversion in reaction (4-1), mole naphthenes converted per
mole of total feed.



Energy Balance

(X F, Cp,) dT = E(-aHB)r,
d
F,.0 d(W/F, 0

i

The modeling of . the /four-reactor reforming system is
shown in Figure 4-2. The féed.stock analysis and operating
condition shown “imn Tab13 4=1, The system can be solved by
Fourth-order Raage=Kulia method. The resﬁlts of calculation is

shown in Figure 43,

.

4:2.6 Limitabioh / /7 = ="

The mnodel doeé i;tﬂ predict product composition in

sufficient detail toJ gllow i§§?quate prediction of the product
because feedstogks afgﬁ;lulpgiu-into three groups -paraffins,
naphthenes, and !rogqtics- agqiéthe reaction to be considered
include conversion" qf;naphtﬁﬁiéé_jnto aromatics, conversion of

naphthenes into pafaffins, hydrocracking of paraffins, and

hydrocracking / of naphthenes.

4.3"Krane et al. (1959) reforlingilodel

4.3.1 Assulﬁtion
This model assumes that the naphtha be broken down

into its separate components and that these components be lumped
into classes of components with similar properties and kinetic

behavior.
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Table4-1  Feedstock analysis and system operating parameters (Snith, 1959)
Feedstock analysis
Specific gravity = 54.3°API
ASTM distillation_ *C
Initial boiling point 83
10% 114
50% 129
90% 155
;' poiny 180
: g lar weight 1148
%, ™
“ %, “‘”f:” basis = 100 bbl)
Componen ~q ght b mol mol/bbl  bbl
F 4 : Paraff R : STl 8410 720 219 39
_ Naphth 83 ,H TV 15544 1354 233 58.4
Aromatig ( ’ 4= 1088 .2.709 24.9 2.86 8.7
Tota 26663 2323 2.32¢ 100.0
A Reactor |
3 4
Catalyst dist ut g AR, 1 275 3.5
WHSV (over: A ) 2269 8.25 648
Molar hourly sg . 019 0.198 0.072 0.056
Reactor inlet . - 506 506 506
Reactor pres: } 395 39.1 38.1
Recycle ratio, mol/m 6.9
H, in recycle, mol:®
Recycle molecular weig
Jash-d

ﬂuEJ’JVIEWﬁWEJ'lﬂ‘i
awwa\ﬂnim UA1INYA Y




No 1

No 4
No ! reoclor No 4 reaclor
heater
Fresh
feed
Recyde gos
- a5 Recy
Product commgl
w "

o stabilizer

tning (Snith, 1959]

Sl e -,
RIAIRIUNAINY N Y

W/ FHC®

Figurea-3 Calculated temperature profiles in the four reactors {Saith, 1959)
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The process is an isothermal system, and hence the

rate constant does not vary at a given operating condition.

4.3.2 Reactor Model and Mathematical model

Krane et al. have reported first-order rate
constants for 53 individual reactions characteristic of naph-
tha reforming (Table 4-2). belfg&e constant for each reaction
is fixed and defined by

c (4-45)

Term

}hot d endent on temperature because this
‘ ygienaﬂ The data obtained from Table 4-2 can
:Z/ a sat of- 2}6 coupled, linear, first-order,

1a} gquat1onr q@1ch account for the rates of.

-.-a-..‘,

‘formation and of d1sappvarancé§§f hydrocarbons which are:

'-‘-—.

is an isotherm
be combined 1

ordinary differe

e ol

A £
h,_,:.j Hydrocarbon , :Jl Carbon atom
~ paraffins  ” ;=00
a.nnphthenes . C.-C..
aromabics . €,-C,,

The typical reactions that occur in the reforming
reactions, - are very. complex..Krane have reported” the following
reactions

o.- Dehydrogenation of naphthenes

o Dehydrocyclization of paraffins
o Hydroisomerization of aromatics
o Hydrogenation

o Hydroisomerization of naphthenes.




o Hydrocracking of paraffins
o Hydrocracking of naphthenes

o Hydrocracking of aromatics

4.3.2 Mathematical Model

Thus, all J}SOIQFiC species are lumped into one
pseudo-compound of a given cgfiggﬂnunber and type. For example,
the rate equation for the SF pa;dffins, is

|

dc,,” = 0,0085,€, 7 4 0.0068:C, ;u#.0.0025:C,, + 0.0014-C,
d(W/F,.0) < k2 <3> <4y
==
e 0:0053 €,
31268 > (4-48)

. r '.. _"r.
; AdA E
where P is thi/pﬁtﬁffiﬂsfd

N is the naﬁﬁﬁhenes;;'.

Aw}s the aromatics f

'§j}s the concentration, 10111U§i§f feed.

Thea;quntion (4-48) accounts fa; the formation of hexane
from hydrocracking ©f) paraffins (terms (1%, 2>, <3>, and <(4)),
hydroisomerization of naphthenes (term <5>), and includes the
disappearance. of _hexane by hydrocracking to Jlighter paraffins
(Cerm <B6>)

4.3.3 Limitation
The limitation in this model is that the process
is an isothermal mode of operation. Thus, the rate constant does

not vary at a given operating condition.




Table4-2 First-order rate constants for naphtha-reforming reactions
Typical reaction conditions: 496°C. hydrogen-to-naphtha molar ratio = 5: 1. 6.8 to 30 atm total pres-

sure, and 0.30 wt % Pt on alumina catalyst

'k x 104, h~! kx 104, h~?
Dehydrocyclization k,: Hydroisomerization of
254 aromatics k,:

L3 * Pyo 0.16
Ay —— P, 0.16
A. o P] 0.16
A, e P1 0-16

Hydrocracking of naphthenes k,:
Nyo Ny 1.34
Nyp —— N, 134
Nyo N. 0.80
T 23 4 N. 1.27
N, 127
N. ooy N7 0.09

‘Hydrogenation kg: -
LA N, 045
drocracking of aromatics k:

A, 0.06
| ——— Ay 0.06
Ay 0.00
Ay 0.05
— Ay 0.05
Aq 0.01

lydroisomerization of

thenes ky:
PID

— Py

_——.P.
=ity

—_—P,

carl *ﬂ_ i : —
¥
(Krane et al., (1959

AUt INeNIneng
ARIANTUNNINGIAE

pectively, and the subscript is the



4.4 Henningsen et al. Reforming Model

4.4.1 Assumption
The system is a plug flow reactor. The reaction

rates are presented by simple first order kinetics. The system
.assumes the ratio between hydrogen and hydrocarbon is constant
through out the reactors, appt;xilately 7. Furthermore, the
pressure drop throngh the reactor is neglected. The system is
adiabatic and rabte constants follow Arrhenlus dependency. The
system uses P Qnai fnngtlon catalyst which consists of a
dehydrogenatlon‘ﬁ&}rogenatxo& component and an acidic component,

] 2

Pt-A1,0_. 'y Y
s 4 - —

!J’ F -4 B #

4.4.2 Egangr Hoderﬁnnd Mathematical Model
aﬂelther ﬂSllhhj (1959) ‘nor Krane et al. (1959)

considered d1ffer®n$ pattern 'DQ; five and six membered ring
naphthenes reactions.l The doiinant reaction of the six membered
naphthenes, 4alkylcyclohexane, is very ragid direct dehydroge-
nation. On ;lhe other hand, the five _helbered naphthenes,

alkylcyclopentgnes, have first to underg9 isomerization which is

a slow reaction, before dehydrogenation can take place. Heg-
ningsen, ‘et “al. (1970) used the following scheme for modeling
the reforming reactions as shown in Figure 4-4. The nmajor

types-of. reactions are-:

(a) dehydrogenation of C, ring naphthenes

O‘C:‘: @—C o - A (4-50)



(b) Isomerization of paraffins and naphthenes

n-Octane e 3-Hethy1heptane (4-51)

O (4-52)

(e) Cyciziiégggég :

o (4-53)
I pntane + propane + ......
(4-54)

‘ )a\ K14 . (AR)
<._K__ALKYLC’YCL0H NE —>AROMATICS
3

1173
K3 i
Nneae
N i-PARAFHINS f_‘Jo'__*ALKYLCY‘('JLOPENTANE '
(i-P) K (ACP)

Figure 4-4 Scheme of general reaction of reforming processes

(Henningsen et al., (1970))



Considering the first order kinetics, a set of differ-
ential equations can be written to describe the concentration
and temperature profiles in' the reformer. The effect of
deactivation of the acidic function of the catalyst is inves-
tigated. Henningsen et al. have reportéd the rate constants
for the components in a C, naphtha assuming Arrhenius depen-
ency as shown in Table 4-3 of afhy@rogen pressure of approxilﬁte-
ly 30 atm and =» hydrogen-hydroéarﬁon ratio of approximately 7.
Also shown in Table 423 are the heats of reaction needed
to calculate tﬁé»telperature effects.

Tk‘*

of 500 °C and,i&%fbgen part } pressure of 30 atm. Because the

rate co tants are estimated at temperature

total hydrocarbgﬁ pressure ihy bave some effect on the rate
constant due to q}sorvtion oniipg active sites of the catalyst,
the rate constants in hhlST;;bdel only apply at specified

A=

hydrocarbon partial pressures.f:

L

TOHE

'\_‘l



70

*
Table 4-3 Reaction rate constant, K = Ao e~ '
Reaction K, | Frequency Activation Heat of
Factor Energy, E reaction, aH
In A, kcal/mole kcal/mole
NP—C K, | 3058 \\I// A 55.0 ~12.0
NP—e ACH | K, .| 238.1 . 45 0 +10.0
NP— IP QA T 40.0 0.0
NP— ACP | K" 2342/ | 45.0 +10.0
L _.(x,,.;"" 208 ) 55.0 -12.0
IP—= NP | K|S0 - 0 40.0 0.0
IP— ACH x, f28.1 75' 0| 45,0 +10.0
IP— ACP | K | 231 _f-;!_% ) 45.0 +10.0
ACH—» NP EF | 200 S0 S -10.0
acE—1p | K, f 265 |5 45.0 ~10.0
ACH—-ACP | K| 235 a: 40.0 0.0
ACH—= AR | Ky | 20.4 30.0, 1 +50.0
ACP— NP | 1K, | 218 45.0 d - -10.0
ACP— IP 'K, | 24.2 45.0] -10.0
ACP—= ACH "'.x“ 21.2 40.0 0.0

(Henningsen ‘et al., (1970))
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