Activity Profiling in
“Catalytic Reactors

Profiling the activity can decrease sensitivity to
temperature runaway when incomplete reaction is
avoided in the less active front zone.

i Pirkle, Jr. and Israel E. Wachs, Exxon Research and Engineering Co., Annandale, NJ 08801

he possibility of temperature runaway is a major
concern in the operation of nonadiabatic, catalytic
k. tubular reactors. To prevent this problem, reaction
ers have advocated the profiling of catalytic activity
eactor so that a less active catalyst is located where
mical potential driving force is greatest (6-8). For nth
eactions (n > 0), this requires a less active catalyst
e front portion of the reactor. Earlier computer simu-
of activity-profiled reactors demonstrate a reduction
rametric sensitivity to temperature runaway compared
niform-activity reactors with the same conversion and
ity (9-11). Simulations of this sort are commonly pre-
ed in textbooks on reactor engineering.
tivity reversal can occur in the face of certain upsets
ig the operation of activity-profiled reactors, such as
ivation of the catalyst in the inlet zone of the reactor
incomplete preheating of reactant feed. Sensitivity
[ means that the reactor becomes more sensitive to
ature runaway when the upsets occur, rather than
lsensitive as might be expected. The reaction system
t the simulation of this sensitivity reversal is the par-
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tial oxidation of orthoxylene to form phthalic anhydride.
The kinetic model chosen to describe this reaction is a sim-
ple mechanism proposed by Froment (12). Froment’s mech-
anism was chosen simply because it has been used on
several occasions to demonstrate the reduced sensitivity of
activity-profiled reactors to temperature runaway (9,13,14).

Mathematical model

Nonadiabatic fixed-bed reactor systems at steady state can
be described by a set of partial differential equations cor-
responding to continuity of mass and energy as well as
pressure drop. A variety of models were classified by Fro-
ment (15), Table 1.

For highly exothermic reactions, significant temperature
gradients exist across the reactor tube radius, requiring
models with two spatial variables (the axial and radial posi-

Table 1. Steady-state models for fixed-bed
tubular reactors.

Space
Model Dimension

Al Axial
Al Axial

Al Axial
Radial (tube)

B.I Axial

B.ll Axial
Radial (pellet)

B.1N Axial
Radial (tube)

Flow Pattern Treatment of Phases

Plug flow Pseudohomogeneous

Axial dispersion Pseudohomogeneous

Radial dispersion  Pseudohomogeneous
Plug flow Interfacial gradients

Interfacial and
intrapellet gradients

Plug flow

Radial dispersion/ interfacial gradients
Radial velocity
profile (optional)




tion of a typical reactor tube) for accurate simulation. The
AIIl model in Table 1 assumes plug flow of gas and pro-
vides for radial dispersion of heat and mass but neglects
heat transfer resistance between the gas and catalyst
phases. This is called the pseudohomogeneous treatment
and results in a single energy equation and temperature for
both phases. The more comprehensive B.IIl model includes
a separate energy equation (and temperature) for each of
the two phases coupled by terms for interphase transfer of
heat. In both the A.IIl and B.III models, axial dispersion of
heat and mass are neglected, a valid assumption for most
commercial reactors (16).

In the set of simulations presented here, Froment's A.III
model is used along with the assumption of negligible pres-
sure drop. For kinetic rates, his simple model for phthalic
anhydride synthesis from orthoxylene, Figure 1, is adopted
(12). This allows comparison of previous studies of activity-
profiled reactors with results designed to demonstrate the
effect of certain upsets on parametric sensitivity, e.g., cata-
lyst deactivation or incomplete heating of the reactant feed.
Extensive calculations were made using the more compre-
hensive B.I1I model that includes interphase transfer of heat
and mass. Predictions for sensitivity reversal obtained by the
more elaborate model are qualitatively similar to those ob-
tained by the A.IIl model, whose results are presented in
this article.

Simulations with A.III model

In the simulations performed with the A.lIl model, the
parameters in Table 2 were used to study the parametric
sensitivity of the phthalic anhydride reactor both with and

Table 2. Parameters used in A.IlIl Model of
phthalic anhydride synthesis reactor.

Value
630t0 720 K
0.1014 MPa
1.2579 kg/m*-s
0.31343 x 10-* kmol/kg
1.059 kl/kg- K
0.0250 m

Operating Condition

Inlet Temp., T,

Inlet Pres., P,

Mass Flux of Air, G,

Inlet Conc. of O-Xylene, w,,
Gas-Phase Spec. Heat, C,
Tube Dia. (Inside), d,

Tube Length, L 375 m

Catalyst Bulk Density, p, 1,300 kg/m’

Interparticle Bed Voidage, € 0.38

Pellet Dia., d, 0.003 m

Effective Thermal Cond., A, 2.051 x 10 kl/m-s-K
Wall Heat Transfer Coeff., h, 0.1558 kI/m*-s-K

Radial Peclet No. for Mass, Pe, 10.0
]
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(air) k,
o-xylene PA

N

R, =

CcO, + CO

—13588

KiPox Poilnk, = "¢ + 1.597

=15601

R, = KppapPo:ink, = T + 12.619

—14394
Ry KiPox Poiinks = — ¢

AH, = -1,294,000 kJ/kmol,  AH; = -4,564,000 kd/km

Figure 1. Kinetic mechanism for partial oxidation of O-xylens
V,0; to form phthalic anhydride.

without activity profiling. The partial differential equaf;
and associated boundary conditions comprising the
model are presented elsewhere (14,15). As in the ¢
previous studies (9,12-16), pressure drop and tempery
dependence of all thermophysical properties (except
density of the gas phase) were neglected. The pressure
is calculated to be about 0.05 MPa for the flow conditi
bed length, and particle size used in Table 2, which L
nificant. However, an actual commercial reactor will
lower pressure drop, so the neglect of pressure varia
the model may introduce only a second-order error in
ulation. : ‘
It has been demonstrated that the solutions of the
of partial differential equations comprising model Al
B.III can be conveniently obtained from either of tw
eral software packages, PDECOL or DSS/2 (17). Boll
these packages use a numerical method of lines app
in which the radial dimension of the tubular reactor
cretized, resulting in a system of ordinary differentia
tions with respect to the axial position z. The ODE syst
is usually stiff and should be integrated by implici
niques developed for such systems. For the spatial d
zation in the radial dimension, PDECOL uses B-splin
functions (18), and DSS/2 has been modified recently-ta
low use of either a variety of finite difference metho‘
orthogonal collocation on finite elements (19). Both
PDECOL and modified DSS/2 packages have excelle
integration routines. Solutions can be obtained accufd
and efficiently, requiring about 10 CPU (central proce
unit) seconds per run on an 1BM 3033.
In addition to PDECOL or DSS/2, other general puf
partial differential equations solvers are available, whosé
was included in a recent review (20). Many of these !
ages provide the power to solve a wide variety of pal‘ti?li
ferential equation systems but require only a modest amé
of numerical training of the user.

Activity profiling in normal operation

For a uniform catalyst-bed activity, Table 3 shows
conversion of orthoxylene, selectivity to phthalic anh

maximum temperature and its location in the reactor
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The possibility of temperature runaway is a major concern

r.
(air) k,
Co,

™o, + €O ;

_ 3 S
y;Ink, = ‘13.?& + 1597 = .
Table 3. Effect of inlet temperature and
15601 gactant concentration on performance of
yilnk, = Ty o+ 12618 aactor with uniform catalyst activity.

. _ 14394 f Wyo, Selec- Conver-
ik, = T + 10730 T kmol/kg T..K z,,m  tivity sion
tkmol, AH, = -4,564,000kdigo  0.00031343 672.1 0.50 0.7991 0.8053

45 0.00031343 6927 056 07776  0.8504
nism for partial oxidation of O-xylend,() 0.00031343 7009 0.63 0.7690 0.8640
wdride. s Temperature

g . . tial equd’d 0.00031343 Runaway 0.0000  1.0000
‘J‘g The S.atr.“al differentia tg\” 0 0.00032000 6757 050 0.7970  0.8099

ary conditions Comp”_s‘“i ‘90 0.00033000 6837 056 0.7924 0.819%

elsewhere (14,15). As in the cfy 00034000 700.0 0.63 07807  0.8409

%-16), pressure drop and tempegy 000034250 7110  0.69  0.7707  0.8563
iermophysical properties (excez - Temperature
se) were neglected. The pressurgg  0.00034500 Runaway 0.0000 - 1.0000

out 0.05 MPa for the flow condig

cle size used in Table 2, which
actual commercial reactor will ferent inlet temperatures 7, and orthoxylene concentra-

50 the neglect of pressure variaté? wy. In these calculations coolant temperature 7. is set
uce only a second-order error i@‘ to the inlet temperature 7,. Here, T, is the maxi-

m temperature within the reactor, and z,,, is the axial
trated that the solutions of the sliion corresponding to 7,,,, reported within + 0.05 m.

equations comprising model Agrdial position for 7,,, is always the tube center.
ntly obtained from either of twdthe minimum acceptable levels of conversion of orthox-

es, PDECOL or DSS/2 (17). B#
nurerical method of lines app
mension of the tubular reactor i
1 system of ordinary differential

he axial position z. The ODE vgh

1ould be integrated by implicit

nension, PDECOL uses B-spline

are set at 80% and selectivity to phthalic anhydride at

Table 4. Effect of inlet and coolant
mperatures on performance of reactor

in programmed catalyst activity: F, =
such systems. For the spatial d¢ 0.66667; F, = 1.00; z, = 0.75 m.

SI2 has been modified recentlyf Wi Tous Z.,  Selec-  Conver-
wiety of finite difference meth® _kmol/kg K~ m  tivity _sion
1 on finite elements (79). Bo 000031343 6632 1.3  0.7979  0.8058
1DSSI2 packages have exceller 8.08331342 668.7 1.36 8.7868 0.8318
o ) ¥ 00031343 6767 1.06 07688  0.8659
’Ol”tg’ns can };fUObta‘?e? arcocc. 0.00031343 6815 1.06 0.7557  0.8860
ng about 10 CPU (central D ¢ 59031343 687.9 1.06 0.7398  0.9059
on an IBM 3033. 000031343 6920 1.00 07236 0.9225
‘OL or DSS/2, other general P§ 000031343 709.8 056 07023 0.9392
ations solvers are available, Wh® 000031343 740.8 094 0.6420  0.9662
:nt review (20). Many of thes¢g Temperature
- to solve a wide variety of par'#3  0.00031343 Runaway 0.0000  1.0000
'ms but require only a modest #% 0.00035000 6728 1.13 0.7911 0.8205
f the user. P 000038000 6847 1.19 0.7828 0.8363
0.00039000 693.2 1.19 0.7764 0.8471
in normal operation 0.00040000 7174 131 07530 0.8794
: . . hovk Temperature
ystbed activity. Table 3 W o 0 0000 Runaway 0.0000  1.0000

:ne, selectivity to phthalic anhi§

» and its location in the reaC‘T
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1 the operation of nonadiabatic, catalytic tubular reactors.
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70%, there is only a narrow range of inlet temperatures and
reactant concentrations for acceptable operation. Tempera-
ture runaway can occur for inlet temperatures that are foo
high for a given inlet reactant concentration or vice versa.

As case studies, some textbooks (1.3,16) examine the ef-
fect of activity profiling on the operability of a phthalic an-
hydride reactor system with parameters similar to those in
Table 2. Profiling can be accomplished either by varving the
number of active sites within each catalyst pellet or by dilut-
ing the catalyst bed with inert pellets.

The simulations presented here use a form of activity pro-
filing examined previously (13, 14). Mathematically, the ac-
tivity profiling is represented by an activity factor F that
multiplies the rate constants k,, k, and k; given in
Figure 1. The factor F is a function of axial position z in a
typical reactor tube

F=F,0<z<gz (1)
F=F,z>z

Using £,=0.66667, F, = 1.00, 2, = 0.75 m, and T, = T,

- the results in Table 4 are obtained.

For the activity-profiled reactor, T, = T, = 633 K results
in the same selectivity and conversion as T, = T, = 630 K
in the reactor with uniform activity, Table 3, when w,, =
0.00031343 kmol/kg. It is also obvious that the activity-pro-
filed reactor allows a wider range of T, = T, values before
temperature runaway occurs (14.0 vs. 3.5 K).

Similarly, if the lower parts of Tables 3 and 4 are com-
pared, it is clear that the activity-profiled reactor allows
higher values of the inlet reactant concentration over that
of the uniform-activity reactor (0.00040 vs. 0.00034 kmol/
kg). Both of these advantages are further illustrated by
comparing the centerline temperature profiles given in Fig-
ures 2 to 5.

The effect of inlet reactant concentration for values of
T, = T, greater than 633 K was also investigated. As inlet
and coolant temperature increase, the value of the inlet
concentration leading to temperature runaway decreases.
For T, = T, = 638, 640 or 642 K, temperature runaway
occurs if wy, > 0.0003725, 0.0003600 or 0.0003475 kmol/
kg, respectively.

Activity profiling in abnormal operation

It can be concluded that reduction of activity in the front
part of the reactor increases operability with respect to
variations in coolant temperature and/or reactant {oading by
decreasing parametric sensitivity to temperature runaway.
This is true as long as the activity-profiled reactor operates
as designed. However, there are various potential upsets in
the reactor operation that can actually increase parametric
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T, = Te = 63375 K

T, = To = 633.5K

Temperature, K

T, = Tc = 6325K

To = T = 630K

1 ! | ] )
75 150 225 300 375
Z,cm

Figure 2. Centerline temperature profiles for uniform catalytic activ-
ity vs. inlet/coolant temperature: F =F,=1.0; w, = 0.00031343
kmol/kg-s.

750 Ts = To = 6473 K

Temperature, K

T, = Tc = 642K

T, = To = 633K

i 1 1
75 150 225

Z,cm

w,, = 0.00034500 kmol/kg

w,, = 0.0003400 kmol/kg

Temperature, K

w, = 0.00031343 kmol/kg

1
150
Z, cm

Figure 3. Centerline temperature profiles for uniform catalytic 4
ity vs. inlet O-xylene concentration: F =F,=1.0; T, = T, = 63¢

w,, = 0.0004025 kmol/kg

w,, = 0.00040000

wy = 0.0003900

Temperature, K

wy = 0.0003500

wy, = 0.00031343

{
75 150

Figure 4. Centerline temperature profiles for profiled-catalytic activ-
ity vs. inlet/coolant temperature: F, = 0.66667, F, = 1.0, z, = 0.075
m; w,, = 0.00031343 kmol/kg-s.

sensitivity to temperature runaway. Among these are the
deactivation of catalyst near the reactor inlet by a contami-
nant in the reactants or by a locally excessive temperature,
which slowly sinters the catalyst. Another possible upset is
the incomplete preheating of the reactant mixture before it
reaches the catalyst, ie., T, lies below its design value.
Table 5 shows the effect of variation in catalytic activity
in the front portion of the reactor for T, = T, = 640 K,

In designing nonadiabatic, fixed-bed catalytic reactors to carry
out exothermic reactions, chemical engineers should be aware of
the potential for temperature runaway. Temperature runaway oc-
curs when maximum reactor temperature suddenly increases to an
extremely large value and, due to heat generation, locally exceeds
heat removal. 1t usually results in undesirable side reactions and/or
serious catalyst deactivation.

Parametric sensitivity is defined as the tendency toward maxi-
mizing the temperature profile as a result of only small changes in
system parameters or operating conditions such as inlet tempera-
ture, coolant temperature, reactant concentration, or other physi-
ochemical properties.

Parametric sensitivity has been studied extensively by many in-
vestigators (1-5).
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Figure 5. Centerline femperature profiles for profiled-catalytic
ity vs. inlet concentration of O-xylene: F, = 0.66667, F, = 1.0
0.075m; T, = T, = 633 K. :

wyy = 0.00031343 kmol/kg, and F, = 1.0. As the fractian
activity £, in the reactor bed inlet decreases below th
sign value of 0.66667, the maximum temperature and
version increase and the selectivity decreases. On the o
hand, the maximum temperature and conversion als
crease and the selectivity decreases as F, takes on hi
values than 0.66667. Thus, there is clearly a value of F, 4
minimizes T, for given values of T, = T, F), 2, and
As a result, a window of values exists for F, (0.45 to 0
which results in acceptable levels of conversion and sel
ity and does not cause temperature runaway. Addil
calculations indicate that the width of this windo¥
creases as T, = T, increases. For T, = T, = 638 and
K, the window in F, is 0.35 to 0.85 and 0.525 to 0.775
spectively.

The effect of inlet temperature T}, on the performan
the activity-profiled reactor is given in Table 6 for T¢
K, F, = 0.66667, z, = 0.75 m, F, = 1.0, and ¥
0.00031343 kmol/kg. Here, it is apparent that the tend
for temperature runaway to occur increases as infet t ;
ature declines, the opposite of what might be expecté
tuitively from experience with reactors possessing ubf

N N . . D
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kg

3400 kmol/kg

i catalytic activity. In fact, if the reactant feed enters the cat-
st ved at T, = 450 K, temperature runaway ensues. Ad-
ditional calculations show that for coolant temperatures
1= 638 and 642 K, inlet temperatures T, less than 300
and 575 K, respectively, will lead to temperature runaway.
i Thus, the greater the value of the coolant temperature, the

nore serious the problem of incomplete preheating be-

0.00031343 kmoi/kg

|
0 225 300
Z,cm

. - comes.
« profiles for uniform catalytic agf The phenomena reported in Tables 5 and 6 for reactors

jon: F,=F,=1.0; T, = T. = 6305 ,uh activity profiling according to Eq. 1 can be referred to

Points Resuiting in Temperature Runaway
®T, = 638K
T, = 640 K

AT, = 642K

720

» = 0.0004025 kmol/kg

w,, = 0.00040000

W, = 0.0003900

wyo = 0.0003500

150 225 300
Z, cm

1
0.16 0.20
Wy, x 1000, KMOL/KG

files for profiled-catalytic o ‘: -
f;‘;;; :.oe‘l Fe _ 0p66667 F, = 1.0,4 Flgure 6. Sensitivity limit curves for T, = 638, 640 and 642 K with
. : F, = 0. s

“Boints resulting in temperature runaway.

g and F, = 1.0. As the fractiod “sensitivity reversal.” This is because the tendency for
sed inlet decreases below thel hese reactors to undergo temperature runaway can ac-
. maximum temperature and cltally increase as T, and F, decline rather than monotoni-
electivity decreases. On the oiftaly decreasing as is always the case in a uniformly active
perature and conversion a15f)
decreases as F, takes on hi
;, there is clearly a value of F
salues of T, = Te, F, 2, and
salues exists for F; (0.45 to 0

his reverse sensitivity to F, and 7, for activity-profiled
leactors can be explained by the use of sensitivity limit
Ives generated for the case of uniform activity (F = 1.0
0 < z < L) and various values of the coolant tempera-

e levels of conversion and seled§!e. Sensitivity limit curves are defined as plots in the T,
emperature runaway. Additilg> by plane such that any reactant mixture entering a fully
at the width of this windo¥? ictive catalyst zone with a temperature and reactant con-
ases. For T, = T. = 638 and ¥tration lying above the curve will experience tempera-
35 to 0.85 and 0.525 to 0.775F "¢ runaway. Figure 6 gives the sensitivity limit curves for
; ec?Ses Te = 638, 640 and 642 K. Because we are deal-
¥ith a two-dimensional reactor model, the curves in Fig-

6 are generated by an iterative numerical procedure
€ than by the more elegant methods proposed for one-
Nsional reactor models (3-5). For a given value of T,
Value of wy, is found to be just sufficient to cause tem-
dture runaway, which is defined as selectivity dropping
0.6 for this particular reaction scheme. This defini-

serature 7, on the perf()rmaﬂ“;
s is given in Table 6 for T, =1
. 0.75 m, F, = 1.0, and @1
re, it is apparent that the ten
to oceur increases as inlet t€
site of what might be expect
. with reactors possessing ul
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Sensitivity reversal can occur in the face of certain upsets
during the operation of activity-profiled reactors.

°°

Table 5. Effect of front-end activity on
performance of reactor with activity profile:

I,=T.=640K; F, = 1.00; z, = 0.75 m;
w,, = 0.00031343 kmol/kg.
T Zonx Selec-  Conver- T,
£ K m tivity sion K oy,
Temperature
0.825 Runaway 0.0000 1.0000 747.2 0.2600
0.80 704.1 056 0.7406 0.9044 692.0 0.4498
0.75 686.6 0.50 0.7516 0.8921 677.5 0.5594
0.66667 681.5 1.06 0.7557 0.8860 668.3 0.6573
0.60 687.4 1.13 0.7552 0.8856 6635 0.7133
0.50 706.1 1.25 0.7439 0.8971 657.9 0.7806
0.45 727.3 1.38 0.7211 0.9167 655.5 0.8096
Temperature
0.44 Runaway 0.0000 1.0000 655.0 0.8150

tion is less conservative than one based on the appearance
of a positive second derivative in the centerline tempera-
ture vs. orthoxylene conversion plane (4).

In the case of activity-profiled reactors, if the pair of val-
ues, y,; and T, (the concentration and temperature at the
entrance z, of the most active region of the catalyst bed),
correspond to points lying above the sensitivity limit curves,
temperature runaway occurs. Otherwise, the reaction pro-
ceeds without temperature runaway. The points plotted in
Figure 6 correspond to some values of T, and y,, that just
lead to runaway for the indicated values of T,. It is obvious
that these points lie above their respective sensitivity limit
curves, thus correctly predicting that temperature runaway
should occur in each case.

Table 6. Effect of inlet temperature on
performance of reactor with activity profile:
T. = 640 K; F, = 0.66667; F, = 1.00; z, =

0.75 m; w,, = 0.00031343 kmol/kg.

T, T Z,o Selec- Conver- T

K K m tivity __sion kK Yo

640 681.5 1.06 0.7546 0.8860 668.3 ' 0.6573
600 693.0 113 0.7508 0.8912 670.1 0.7040
575 700.4 113  0.7456 0.8966 670.6 0.7206
550 706.1 1.19 0.7413 0.9008 670.9 0.7331
525 7131 1.19 0.7348 0.9067 670.9 0.7329
500 7225 1.25 0.7243 09156 671.0 0.7510
475 754.6 138 0.6714 0.9472 671.0 0.7579

Temperature
450 Runaway 0.0000 1.0000 671.0 0.7640

33




Parametric sensitivity

Parametric sensitivity is pronounced in exothermic fixed-
bed reactors with uniform catalytic activity. For conditions
leading to acceptable selectivity and conversion, the operat-
ing windows for 7, = 7, and w,, are very narrow, 3.5 K and
0.00003 kmol/kg, respectively. For the activity-profiled re-
actor, acceptable selectivity and conversion can be obtained
with wider, safe-operating windows in 7, = T, and w,,, 14.0
K and 0.00006 kmol/kg, respectively. Taking advantage of
these greater margins of safety, 7, and/or w,, can be in-
creased to obtain even higher production yields in the re-
actor. As long as the catalyst in the front part of the activ-
ity-profiled reactor maintains its design activity and the pre-
heating of the reactant feed is adequate, the parametric
sensitivity to temperature runaway should remain low.

[f the catalyst activity in the front portion of the activity-
profiled reactor is reduced below its design value by some
contaminant in the inlet stream, temperature runaway may
occur in the more active downstream section. Although this
result may be surprising, it can be explained by the higher
reactant concentration at z,, the beginning of the active
zone. The pair of values 7} and y,, corresponding to tem-
perature runaway are seen to lie above the appropriate sen-
sitivity limit curves. Thus, the front portion of the reactor is
insufficiently active to reduce y,, below the critical value
that leads to temperature runaway.

A similar phenomenon is observed in the case of incom-
plete preheating of the feed. Because of the reduced tem-
perature in the less active upstream zone of the reactor, v,
and 7, can lie above the sensitivity limit curve, and temper-
ature runaway will occur in the more active downstream
zone.

Notation
= specific heat of gas phase, kcallkg: K
= diameter of catalyst pellet, m
inside diameter of reactor tube, m
activity factor for front zone of catalyst bed
activity factor for second, more active zone of catalyst bed
mass flux of air, kgim?-s
heat transfer coefficient at tube wall, ki/m*+s-K
rate constant of jth reaction, kmolfkg cat-bar*-s
= length of catalyst bed, m
partial pressure of species i, bar
inlet total pressure, bar
Peclet number for radial dispersion of mass
radial position in reactor tube
rate of jth reaction, kmolfm?:s
temperature in reactor, K
coolant temperature, K
inlet temperature of gas, K
= maximum femperature in reactor, K
temperature at entrance of second zone, K
gas-phase concentration of species i, kmol of ifkg of gas
inlet concentration of species | (o-xylene), kmol/kg
w/w,
= dimensionless concentration of species i at entrance to second
zone of reactor
= axial position of reactor. m
axial position of maximum temperature in reactor, m
z, = axial position of entrance to second zone of reactor

9}

SO mTmARA

xS~

30“‘;!:

KT B Biax B o I
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=

Greek letters

AH, = heat of reaction of jth reaction, kJ/mol
= external voidage of catalyst bed
= effective thermal conductivity in radial direction, kf/m-s-K
= bulk density of catalyst, kg/m'

The activity profile, Eq. 1, used in this simujatigy, an
previous studies, is rather simplified, although it appey;
be effective. More optimal activity profiles haye been..
posed by others (9-11). However, the qualitative o
front-zone catalyst deactivation and/or incomplete Drehe
ing of feed will still be the same. If, at some leye] of fro‘k‘
end deactivation or some degree of incomplete preheaﬂ:t
a pair of values 7 and g, emerge that lie above th, Seng
tivity limit curve, temperature runaway will occuyy, x

Generation of the sensitivity limit curve requireg rep
tive numerical calculations, although a suitable Optimiy
tion scheme can reduce the computational effort, More g
egant procedures have been proposed for one-dimemsion,;x
reactor models (3-5). At any rate, curves of the type show
in Figure 6 can be used in design studies to determine tﬁe
consequences of front-end catalyst deactivation or jpeg.
plete preheating of feed on reactor sensitivity.

Profiling the activity in catalytic fixed-bed reactors an
decrease sensitivity to temperature runaway, but care g
be taken to avoid incomplete reaction in the less active frén
zone. If the feed is not sufficiently preheated, the extent of
reaction in the front zone will be less than planned, pr"
tial catalyst deactivation occurs in the front zone of the
actor, less reaction occurs before the reactant mixtys
reaches the more active downstream zone. If the gasp|
concentration and temperature entering the downstre
zone lie above the sensitivity limit curve, temperature f;
away will occur. I
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