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The models of fixed bed catalytic reactors in which catalyst deactivation takes place can be
significantly+simplified by introducing quasi-steady state and constant-pattern travelling wave
assumptions. This results in faster algorithms. In the present paper the plug-flow, radial dis-
persion, and well-mixed regions in the series pseudohomogeneous models under the above
assumptions are discussed. The obtained results are compared with experimental ones in the
case of hydrogenation of benzene on a nickel catalyst with thiophene as a poison (irreversible
deactivation).

Fixed bed catalytic reactors, in which catalyst deactivation takes place, operate in
unsteady state conditions. Due to decrease of the catalyst activity the temperature
and the concentration profiles move downstream through the reactor during opera-
tion. If the catalyst activity decreases slowly with time, i.e. the contact time of a fluid
element in the reactor is small compared to the time of deactivation of the catalyst
bed, the model is described by a system of stiff equations the solution of which is
involved. This is why we introduce so-called quasi-steady state approximation. It
means, that all time derivatives except activity are neglected. This simplification
in the model equations results in faster algorithms. Further simplification is to
introduce the assumption of “constant-pattern travelling wave”.

In our previous papers! ~* the models of fixed bed catalytic reactors with catalyst
poisoning under quasi-steady state assumption have been discussed. Pseudohomo-
geneous models have been also studied! ~3. As a flow pattern the plug-flow!, well-
mixed regions in series?, and axial dispersion model® have been chosen. Heteroge-
neous models of well-mixed region in series have been described in the preceding
paper®. From the comparison of theoretical and experimental results (for the system
of hydrogenation of benzene on a nickel catalyst with thiophene as the poison)
the following conclusions can be made: (i) after some period the temperature and
concentration profiles have constant pattern and move by constant speed down-
stream through the bed, (ii) the maximal temperature is constant, (iii) the deactivation
rate is temperature independent.

This fact enables us to introduce the constant-pattern travelling wave assumption,
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where the constant speed of movement of adsorption zone is given by the formula®

W. Cy
V= . 1
ecs, + Qud) W

In this paper pseudohomogeneous models described in the preceding papers'+?
and a model with radial dispersion under the constant-pattern travelling wave
assumption are discussed.

In order to simplify theoretical analysis the following approximations have teen
introduced: (i) the gas density is constant, (ii) the heat exchange between catalyst
and gas is perfect, so the temperature of both of them is the same, (iii) the heat
released by the chemisorption of the poison is negligible, (iv) the heat of reaction,
heat capacity, mass transfer, and heat transfer coefficients are temperature inde-
pendent.

THEORETICAL

Pseudohomogeneous Model of a Plug-Flow Reactor

Under the above assumption the model consist of the equations
mass balance of the key component

5%_{_%

+E=0, 2
ot 0z @)
mass balance of the poison
PR (3)
at 0z Jt
entalphy balance
00 00 .
Ri—+-—=%5-F.(6-206,), 4
=t oz ( ) (4)
boundary conditions
T>0 Z=0 Ya=Y;=1, ©=0, (5)
initial conditions
1=0 Ze<0,Zy) A, =0, &=1, (6)
rate equation of the catalytic reaction
E=0.5(Y 0), (7)
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and rate equation of the poison chemisorption

4 1), ®)
dz

If the adsorption rate of the poison is equal for all nonoccupied active sites of the
catalyst and one molecule of poison is adsorted on one active site, the linear depen-
dence between catalyst activity and adsorbed amount of catalyst poison can be
developed

=1 4. ©)
It yields to the rate expressions
5%~y - 4) (10)
and
I _4--ve. (11)
dt

Introducing the quasi-steady state assumption (the contact time of a fluid element
in the reactor is small compared to the time of catalyst bed deactivation which
results in small values of parameters & and Rg) Egs (2)—(4) become

a¥,

= =5 12
Z (12)
dy,
~J_G 13
1% 64 (13)
do .
— =5 — F(6@ - 6, 14
= (6 - 0, (14)

and the initial and boundary conditions are given by Eqs (5) and (6).

If we assume a constant-pattern travelling wave, the transformed time variable
u=t-—zf (15)
is useful. The dimensionless transformed time variable is

U=t-(G+0)Z (16)
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which can be further simplified assuming quasi-steady state approximation
U=1~G.Z. (17)

The balance equations (/1) and (13) transformed into

v, _ _d¢ (18)
dU dU
do
— = -Y,9 19
2oy, (19)
with boundary conditions
U= -0 Y =0 (20)

U= Y,=1.

From the Eqs (18) and (19) poison concentration, activity, and variable U can be
expressed

Y,=1-@ (21)
= 1)(1 + exp (V) (22)
U=In((1- 0)o). (23)

Egs (17) and (23) allow us to compute the activity profile at any time in the catalyst
bed, or on the other hand, to find the point of given activity in the reactor at a certain
time.

To compute the system of model equations for a given time the following algorithm
has been employed: To obtain the activity profile in the reactor choose activity
from the interval <0, 1), then compute variable U from Eq. (23) and the axial co-
ordinate from Eq. (17). To obtain the key component concentration and temperature
profiles in the reactor solve Eqs (12) and (14) by the Runge-Kutta 4th order method.
Once we compute the point with maximal temperature at a given time t, the move-
ment of this point we obtain easily using Eq. (7). This equation helps us also to
compute reactor outlet concentrations.

Pseudohomogeneous Model with Radial Dixpersion

Under quasi-steady state assumption the pseudohomogeneous model of fixed bed
catalytic reactor including radial dispersion term consists from the following system
of model equations®:
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mass balance of the key component

2
Wy (PN 1O
0Z dp> ¢ O

mass balance of the catalyst poison

2
% (PN Lo _ oo
oz 00 ¢ do ot
entalphy balance
2
g_@.___KeR?__@__*_L@ —-E‘:O,
oz 0p* ¢ 0o
boundary conditions
>0
Z=0:¢0€0,1);0=0;Y=Y,=1,
20 _a%, _ay,
dp dp D¢
odp ¢

~k.%© —Ho -0,
oo

Ze0,Zy) 90 =0

initial condition
t=0:Z2€<0,Zy) ®=1,
9e<0,1)

reaction rate (Eq. (7)), and deactivation rate (Eq. (11)).

(24)

(25

(26)

(27)

(28)

After introducing the constant-pattern travelling wave assumption and time
variable U, the equation for catalyst poison can be simplified as in the case of plug-
-flow reactor. The relation between the variables Y;, &, and U is given by Eqs (21) to

(23).

To compute the poison concentration and activity profiles one can proceed as in
the previous case. The axial and radial temperature and key component concentra-
tion profiles have been obtained by solving numerically the system of Egs (24), (26),
(27) by the predictor-corrector method. Due to high temperature gradient near the
reactor wall two different step lengths have been used (smaller near the wall than

in the middle).
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Pseudohomogeneous Model of Well-Mixed Regions in Series
with Heat Exchange Between the Members

The model of well-mixed regions in series with heat exchange between the members
is given by the following equations:
mass balance of the key component

YB,i—L - ZKE" = YB,i + 6KdYB'i 5 l = 1, ...,N N (29)
dr
mass balance of the poison
YJ,i-L + GK¢1' = Y]’,' + 5[( d;’],i > l = 1, ...,N, (30)
T
entalphy balance
. do;
Oiy + Fo (O, — ) + F(0,_, — 20, + O, 1) + ZyE, = O, + Ry T
T
i=1,..,N, (31)
boundary conditions
t>0:i=1 Yp;-1=Y,;,1=106,,=0, (32)
initial conditions
T=0:i=1,...,N; &; =1, (33)

kinetic equation of catalytic reaction
Ei=051.,0), i=1,..,N, (34)
and deactivation rate equation
$,=-Y,®, i=1..,N. (3%)

After introducing a constant-pattern travelling wave, the time variable U and quasi-
-steady state assumption, for the poison concentration and activity we obtain

Yi=1-9 (36)
U, =In((1 — &)/®,) (37)
U, =1-1.Gg (38)

fori=1,..,N
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U= —w for & =1 (39)
and
U= for ¢ =0.

The model equations (29) and (31) reduce to algebraic equations. The algorithm of
the solution of the model equations is as follows: choose time 7, and activity ¢; = 0,
compute U from Eq. (37) and the number of region i* from Eq. (38). For i < i*
set @, = 0, for i > i* compute U; from Eq. (38) and &, from Eq. (37). Increase i
until unit activity is obtained. To compute the key component concentration and
temperature profiles solve the Eqs (29) and (3]) numerically.

The movement of the region with maximal temperature we can compute from the
relation

i = (T = Upay)/Gx (40)

where U, is value of the variable U corresponding to the number of regions with
maximal temperature at time 7,. The inlet concentrations can be computed from
Eq. (38) and from the profile at any time 7,.

The system of Eqs (29) and (31) is a system of 2N nonlinear algebraic equations,
which have been solved by the Newton-Raphson procedure. The number of regions
N has been estimated by the relation’

N = Lld,. (41)

In our case the number of regions has been between 60 and 100, which leads to the
system of at least 120 nonlinear equations.

EXPERIMENTAL

For experimental verification of the described models the benzene hydrogenation on Ni catalyst
as a model reaction and thiophene as a catalyst poison have been choosen. The experimental
system as well as the experimental procedure has been described in literature®.

The rate equation for benzene hydrogenation is

_ kyoK Py . Py.exp(—(E-+ Q)/RT)

: 42
Sw 1+ K Py.exp(—Q/RT) “2

or, in the dimensionless form
& (1+%). YgY¥y . exp (& + o) BO/(1 + $6)) )

1+ xYg . exp (2 BO/(1 + B6))

In all our experiments hydrogenation took place under a large excess of hydrogen, so the hydrogen
concentration through the entire catalyst bed has been constant, ¥ ~ 1. The values of the kinetic
rate equation parameters have been obtained from rotating basket reactor measurements®
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and their values are: k.., = 0-59.10 2 molkg™!s ™1 Pa™!; K =029.10"°Pa"!; E=
= 12-4 kI mol™!. The experimental conditions are: catalyst diameter 0-7—1-0 mm; mass of
catalyst 11-64 g; length of bed 0-085 m; inlet temperature 378 K; ambeint temperature 378 K;
volumetric flow rate 5-46. 107 ¢ m3 s~ 1; inlet concentration of benzene 1-89 mol m™3; inlet
concentration of thiophene 2-69. 1072 mol m™ 3.

RESULTS AND DISCUSSION

The outlet benzene and thiophene concentrations and the movement of the point
of temperature peak for individual models and experiment are illustrated in Fig. 1.
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Comparison of experiment and models. a Benzene outlet concentration vs time; & thiophene
outlet concentration vs time; ¢ point of temperature peak vs time. O experiment, full line —
model of well-mixed regions in series; dashed line — plug-flow model and model with radial
dispersion. In place of Z/L should be the expression z/L
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The corresponding axial mean temperature profiles at time ¢ = 300 min are dis-
played in Fig. 2. The mean experimental temperature is obtained from measured
temperature in the reactor center assuming a parabolic radial temperature profile.

The results obtained for the plug-flow model and the model with radial dispersion
are not different for parameters corresponding to our experimental system (important
axial heat conduction). There is also no significant difference between experimental
outlet concentrations and movement of the point of temperature peak and these
dependences for all models (Fig. 1). This is not true for axial temperature profiles.
The best agreement has been achieved for well-mixed regions in series model, which
includes axial temperature conduction.

For given parameters the obtained results are not different whether the constant-
-pattern travelling wave has been assumed or not. However, introducing the as-
sumptions of quasi-steady state and constant-pattern travelling wave simplify the
model equations significantly. In the case of plug-flow and radial dispersion models
the key component and entalphy balance equations are reduced from partial to
ordinary differential equations. The poison balance in all cases can be solved analy-
ticaly. This simplification in mathematical model leads to faster algorithm and signifi-
cant saving of computing time.
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Transient temperature profiles. Full line — experiment; dashed line — model of well-mixed
regions in series; dotted line — plug-flow model and model with radial dispersion. In place of Z/L
should be the expression z/L
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LIST OF SYMBOLS

Ay = a;/a} dimensionless poison adsorbed amount

ay poison adsorbed amount, mol kg™~

a}" equilibrium poison adsorbed amount, mol kg ™!

c concentration, mol m™

Cog heat capacity of gas, Jkg”! K~!

Cpq heat capacity of solid, J kg~ ! K~!

Dgr = Dy cp,/E2R% @, dimensionless parameter, see Eq. (24)
Dy = Dy,cp,/EOR% 0, dimensionless parameter, see Eq. (25)
D, radial dispersion coefficient, m? s ™!

dp diameter of catalyst pellet, m

d, diameter of reactor, m

E activation energy, J mol ™}

F = 4hcm/d‘qb¢qug o8 dimensionless parameter, see Eq. (4)
F, = ASg/egc ”V dimensionless parameter, see Eq. (31)
F, = mhd,L[Ng p V dimensionless parameter, see Eq. (31)
G = cBoa, /fwt c,o dimensionless parameter, see Eq. (3)

Gy = afw /Nc,ot V, dimensionless parameter, see Eq. (30)
(—AH) heat of reaction, J mol™

H = cBo/QgcpgR dimensionless parameter see Eq. (27)

h overall heat transfer coefﬁcnent Im 2?57 1K™

K adsorption constant, Pa~!

K = ).e,cBo/ogcmR &9, dimensionless parameter, see Eq. (*%)
k, chemical reaction rate constant, mol kg~ ! s ™! Pa~

kp deactivation rate constant, m3 kg_1 s71

L length of reactor, m

N number of well-mixed regions

P pressure, Pa

Qo adsorption heat of benzene, J mol™!
R radius of reactor, m

Ry = (¢, cpoleyC qubg‘wt dimensionless parameter, see Eq. (4
Rgx = <ec,) SyL /Nogcpgt V, dimensionless parameter, see Eq. (3])
r radial coordinate, m

Sk section area of reactor, m?

T temperature, K

t time, s

° = 1/kpcy, characteristic deactivation time, s

U — u/f% dimensionless transformed time variable

u transformed time variable, s

14 volume, m>

v, volumetric flow rate, m> s ™!

v speed of adsorption zone movement, m s71

w mass of catalyst in the reactor, kg

w velocity of fluid, ms™1

Y = c/c, dimensionless concentration

z = obfwz/cBow dimensionless axial coordinate

Zy = abwa /cBow dimensionless lenght of reactor

Zyg = WESL jcg, V, dimensionless parameter, see Eq. (29)
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z axial coordinate, m

o heat transfer coefficient from catalyst bed to reactor wall, Jm~2 s~ 1 K1
o = E/RT, dimensionless parameter, see Eq. (43)

ok = Q/RT, dimensionless yarameter, see Eq. (45)

B = (—AH) cBo/ogcpgT dimensionless parameter, see Eq. (45)

] = ecBo/abt ¢w dimensionless parameter, see Eq. (2)

Ok = LSy/N Vot dimensionless parameter, see Eqs. (29, 30)

& bed void fraction

2] =(T'— T, agcpg/cBo(—AH ) dimensionless temperature

I3 = K Py, exp (—Q/RT,) dimensionless parameter, see Eq. (45)

A heat transfer coefficient between members of cascade, J m~2s" 1 K™!
Aer catalyst bed effective thermal conductivity, Tm~*s™1 K1

Qp bed density, kg m™ 3

2 gass density, kgm™3

0 catalyst density, kgm™ 3

(Z)Zp> average thermal capacity of reactor, Jm~w K~ !
T = t/t° dimensionless time
éw reaction rate, mol kg™ ! s~
h reaction rate on the fresh catalyst corresponding to the inlet conditions, mol kg™ ! s !
E = &,/&Q dimensionless reaction rate
e catalyst activity
D deactivation rate
@

= r/R dimensionless radius coordinate

Subscripts
0 inlet stream
c ambient stream

B,J, H key component, poison, hydrogen
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