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Abstract—Heterogeneous catalysis is vita for a number of
chemical, refinery and pollution control processes. The use of
catalyst pellets of hollow cylindrical shape provide severa distinct
advantages over other common shapes, and can therefore help to
enhance conversion levels in reactors. A better utilization of the
catalytic materia is probably most notable of these features due to
the absence of the pellet core, which helps to significantly lower the
effect of the internal transport resistance. This is reflected in the
enhancement of the effectiveness factor. For the case of the first order
irreversible kinetics, a substantial increase in the effectiveness factor
can be obtained by varying shape parameters. Important shape
parameters of afinite hollow cylinder are the ratio of theinside to the
outside radii (x) and the height to the diameter ratio (y). A high value
of k the generally helps to enhance the effectiveness factor. On the
other hand, lower values of the effectiveness factors are obtained
when the dimension of the height and the diameter are comparable.
Thus, the departure of parameter y from the unity favors higher
effectiveness factor. Since a higher effectiveness factor is a measure
of a greater utilization of the catalytic material, higher conversion
levels can be achieved using the hollow cylindrical pellets possessing
optimized shape parameters.

Keywor ds—Finite hollow cylinder, Catalyst pellet, Effectiveness
factor, Thiedle Modulus, Conversion

I. INTRODUCTION

ETEROGENEOUS catalysis is used widely in chemical,

refinery and pollution control processes, and is therefore
criticaly important for the economic and environmental
welfare of any society. For an optimal heterogeneous catalytic
reactor design, many variables must be accounted for in order
to maximize reactor performance in terms of yield and
selectivity. To this end, an integrated approach should begin at
the micro-level by an optima design of the catalyst itself by
considering features such as catalyst size, shape and non-
uniform distribution of the active material.

For effective utilization of the expensive catalyst, the active
material is mostly dispersed on permeable porous supports
with large surface area. The transport of reactant inside the
porous network of the catalyst pellet occurs by the diffusion
phenomenon. The reaction takes place at the active catalyst
site, and the product diffuses out. Due to the transport
resistance, the concentration of the reactant in the interior of
the catalyst pellet is lower as compared as compared to the
bulk fluid. The consequence of concentration gradients is that
reactions occur at different rates, depending on position of the
catalyst site within the porous support.

It is therefore proposed here to design the shape of the
catayst pellet itself in such a way so that the mass—transport
effects are minimized, thereby enhancing the overall
effectiveness of the catalyst pellet.
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The present work seeks to address the issue of the shape
optimization of the catalyst pellet in order to enhance its
effectiveness. This will lead to an improved efficiency of the
heterogeneous reactor configuration, and will ultimately help
the overall economics of the process. The case study here is
based on the hollow cylindricad geometry with a uniform
distribution of active component throughout the porous
structure. The present study will examine the enhancement of
the effectiveness factor by using the hollow cylindrical shape
as compared to that of a spherical shape for a fixed catalyst
volume for the case of afirst order irreversible reaction.

Il. LITERATURE REVIEW

The main issues to be considered in the optima design of
the catalyst are mainly its size, shape and the distribution
whether uniform or non-uniform of the active component
inside the porous support. The effect of deliberate non uniform
distribution of the catalytic material within the support started
receiving attention in the 1960s. Early publications which
demonstrated the superiority of non uniform cataysts include
those of Mars and Gorgels [1], Michalko [2,3] and Kasaoka
and Sekata [4]. Mars and Gorgels [1] showed that catalyst
pellets with an inert core can offer superior selectivity during
selective hydrogenation of acetylene in the presence of large
excess of ethylene. Michalko [2,3] used sub-surface
impregnated Pt/AlI203 catalyst pellets for automotive exhaust
gas treatment and found that they exhibited better long term
stability than surface impregnated pellets. Kosaoka and Sakata
[4] derived anaytical expression for the effectiveness factor
for an isothermal, first order reaction with various catayst
activity distribution and showed that those declining towards
the dlab centre gave higher effectiveness factor. Pellets with
larger catalyst activity in the interior than on the surface can
result in higher effectiveness factors in the case of reactions
which behave as negative order a larger reactant
concentrations, such as those with bimolecular Langmuir
Hinshelwood kinetics (Villadsen [5]; Becker and Wei [6]).
Non uniform catalyst distribution can aso improve catayst
performance for reactions following complex kinetics (Juang
and Weng [7]; Johnsen and Verykios[8,9]).

An important index of evauating the performance of the
catalyst is the effectiveness factor, which relates primarily to
the reactant conversion that can be achieved by a certain
amount of catalyst. Studies discussed before demonstrated that
non uniform catalysts can offer superior conversion,
selectivity, durability and thermal sensitivity characteristics to
those where in activity is uniform. This was done by
comparing the performance of the catalysts with selected types
of activity profiles, which led to the best profile within the
class considered, but not to the optima one. Morbidelli et al.
[10] first showed that under the constraint of fixed total
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amount of active material, the optimal catalystribstion is
an appropriately chosen Dirac-delta function, iall, the
active catalyst should be located at specific pmsiwvithin
pellet. Following this assumption, many
investigations have been carried out on the appicaof
Dirac-delta catalyst for various reactions (Morhidet al.
[11]). This distribution remains optimal even fdret most
general case of an arbitrary number of reactions arbitrary
kinetics, occurring in a non-isothermal pellet withite heat
and mass transfer resistances (&/al. [12]). Also, Barattiet
al. [13] optimized a non-isothermal and non-adiabaitted-
bed reactor with Dirac-delta type catalyst in aeélxbed
reactor.

Whilst it has been demonstrated extensively thea®delta
type catalysts can be optimized to give the besictos
performance for un-degraded catalyst, when degmadaire
considered, other profiles might offer advantag&msidering
the case of ethylene oxidation, it has been
demonstrated by Hwang al. [14] that non-uniform catalyst
profiles other than Dirac-delta, such as egg-skeegl-yolk etc,
can be optimized to provide a performance approacttiat of
Dirac-delta under clean conditions. In their woiksues
including multiple-beds, different arrangements 0pbn-
uniform catalyst pellets, shape and size were ptinozed
simultaneously in order to achieve a better
performance with optimum temperature profiles ipsid
reactor.

It has been recently pointed out by Armor [15] tifa¢
choice of a better catalyst is, in fact, governadseveral
factors before its actual commercialization carcbesidered.
Although substantial work has been reported inlitleeature
highlighting the usefulness of the Dirac-delta mlisttion, it is
important to note the following points. First ofl,alt is
practically more difficult and economically morepexsive to
use catalyst with Dirac-delta distribution. Seconds a well-
known fact that the optimal location of the Diraeltd
distribution inside the spherical catalyst pellstéaxtremely
sensitive, which in turn depends upon the transpattkinetic
parameters. Should there be even a small errorhe
estimation of these parameters, which is quiteljlike an
actual heterogeneous reactor environment,
performance could substantially deviate from theinol
operation of the heterogeneous reactor.
concentration profile of the reactant always chargeng the
length inside the reactor, so should the optimeation of the
Dirac-delta distribution inside the catalyst pelebng the
length the length of the reactor (Khanaev al. [16]).
Implementing such a catalyst distribution in an usiiial
reactor is quite challenging, if not formidable.

the tiregul
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environment. In this connection, it should be peéhbut that
for any catalytic and non-catalytic contacting ofgess fluid,
it is often desirable to increase the surface amearder to

researcknhance the rate of the heat and the mass traf$fierleads

to a straightforward conclusion that a non-sphérazgalytic
support is preferable over a spherical one sineeftnmer
provides a greater surface area than the lattearigr given
volume. In this connection, it is worthwhile to niem a
recent study dealing with the simulation of an heoinal
hydro-desulfurizaion reactor using different casalyarticle
shape (Macias and Ancheyta [17]). Comparing several
geometrical shapes of the catalyst with uniformalgéit
activity, such as sphere, short-cylinder, longwuyér, 2-lobe,
3-lobe and 4-lobe shapes, the highest effectivefaessr was
reported using 4-lobe shape. Note that that a dkob
structure, as seen in their work, provides gresteface area
than any other shape, and is about 50% higher ttietnof a

regentspherical shape for a fixed catalyst volume.

Of non-spherical particles, the hollow shapes hypielater
potential (Buffham [18]). Enhancement of effectiesa factor
using a hollow particle is, in fact, a straight viard
conclusion. When the reaction is controlled by diféusion,
the reactant cannot access the interior of thelysatpellet.
This is reflected in a high value of the Thiele mlog and low

react@ffectiveness factor. Removing the interior of getlet which

is not accessible to reactant will naturally leadah increase
in the effectiveness factor. The fabrication of alldw
spherical pellet is of course not as feasible akokhow
cylindrical pellet. There are already several typésollow
non-spherical packing material which are in common
industrial use. Note that an additional surfacgdserated in
the case of a hollow cylinder that helps augmeattthnsport
of the reactant inside the catalyst. In view of thieove
discussion, the main goal is to optimize the shaye
nonspherical catalyst pellet with a uniform catalyactivity.
The objective is to maximize the effectivenessdaat order
to enhance the performance of the heterogeneoumredhe
main case study will involve the hollow cylindricehtalyst
tpellet.

Ill. MATHEMATICAL MODEL
It is important to mention key features and assiongtof

Third,  thge present heterogeneous isothermal reactor model.

These are following:

1. In the fluid phase, the concentration gradiemésonly in
the axial direction. No gradient exist in the radi&ection.
This reduces to the one-dimensional problem for fthi
phase.

2.In the fluid phase, the mass transport mechanism

Fourth, the reactor performance could moreoverraltecomprises of both the convection as well as thpedigon.

significantly, should there occur catalyst degramtat

It becomes abundantly clear at this stage thatewth#é main
focus of the research in connection with the optidesign of
the catalyst has been the non-uniform distribut@nthe
catalytic activity inside a spherical catalyst pglinot much
work has been reported dealing with the optimizaid the
shape of the catalyst pellet itself in a heterogesereactor

3. In the solid phase, the catalyst pellets arinde hollow
cylindrical shape. Thus, the solid phase is twoetigional
depending upon both the radial as well as the alkiattions.

4. In the solid phase, the reaction kinetics cdgdinear or
nonlinear. The internal mass transport resistanémportant.
The effective diffusivities are same in both thdiahas well
as the axial directions.
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5. At the interface of the solid and liquid phathe film or
the external mass transport resistance are imgortan

A. Solid phase model equations for general kinetics

The steady-state concentration distribution of actant
inside a permeable finite hollow cylindrical pell@dergoing
diffusion-impeded reaction is given by

1. Fluid phase model equations
The differential equation governing the axial dizition of
the concentration of the reactant A in the fluicaph Cy) is

given by,
5] - ftfon] - 0
z ‘ ° )

D, = 10 ( 0Css ] 9°Cys - R<(C/s) =0 where, ¢ is the fraction of solid phase per unit bed voluige
ror( o Zs (1) is the volume of the catalyst pelletl is the local fluid
The boundary conditions are, superficial velocity, Da, is the fluid phase dispersion
Ar=R, D (ac J k. (C —c ) coefficient. Here, the molar flow\() of the reactant to the
or As A (2a) solid catalyst pellet, in terms of the rate of teaction R), is
ac,. give by,
Atr=R, —D(ar J_k(cAs—cA,) 2 Hj2 Ry 8
(2b) W, =[[[R(Cue)av =] [ [R(Cy)rdrdzde 8)
_ aCAS _ 0 -H/2R
Atz=0, (ﬁj =0 2 where,Cys is the concentration distribution of the reactani
ac (20) the solid phase comprising of the hollow cylindricatalyst
Atz=(H/2), DZ[—ASJ =k, (C—Cy) pellet of heightH, andR andR, being the internal and outer
0z (2d) radii, respectively.
where,C,s andCy are the reactant concentration in the solid Introducing the dimensionless variable,
phase and fluid phase, respectivdly. and D,, are effective Ut. u,L. Cu . z
diffusivities in r andz directions, respectivelyR(Cas) is the el Pe:D—AZ, V= Co.’ =1
generalized rate of the reaction For the hollowingyical P 1-X
catalyst pelletH is the heightR andR, are inner and outer y=—; v= y;
radii, respectivelyky, is the mass transfer coefficient. Note R 1+oX 9

that the boundary conditions imposed account fer fihm
mass transfer resistance.
Introducing the following dimensionless variables,

:CAS. _I. z . :(H/Z).

. TR D TR

=R. ..D _knRy

“ R)’ y2 Dz o " De (3)

Rewriting differential equation and boundary coiudis in the
dimensionless form:

RTINSO )
P + 2 ﬁfx(u) =0
pap\” op y’\a& @)
At p=«k; _1(6UJ+U:VforaII?; (5a)
B,\dp
A p=1: ["’ij , foralle (5b)
B,\dp
At E=0; ou _qforallp (5¢)
¢
_q Yo [ou for all 5d
Atfl,yzB[J+uv p (5d)
where,
_[RC)R ). _R(Ch)
le_[ CAfon J’ fX(U)_RA(CAfo) (6)

Note that a solid cylinder is a special of a holloylinder for

and rearrangement leads to,

v 1ov wroxfov_voy] g gL W

ar  Pedx’* y+ov|dx yox U, CuV,

where, P is the local pressure andsRthe pressure at the feed
conditions. L is the reactor length, X is the caien, ands

is the change in total number of moles for complete
conversion divided by total moles fed. In the abegg&ation,
the Peclet numbeP§) is a measure of the degree of the back-
mixing prevailing in the reactor. For long reactd?s is large
and the effect of the fluid back-mixing is negligibRecalling
that the molar flow to the catalyst pellet depeng®n the
average rate of the reaction inside the catalyitpéhe fluid-
solid interaction term can be written as,

W,
)= 2l [ e e
The steady-state counterpart of (7) can now beittewras,
d Y 1+o
) [y o]
a2 (y+ UV) dx

dx
L Ro 2 fiR(Cy) _
T .

1/(

(10)

where,

Ro=R(Cuo)

is the rate of reaction evaluated at the feed ¢mmdi.
Defining the effectiveness factay)(and the Damkohler

which the internal diameter is set to zero. Thawsfo number Da) as follows

substituting< = 0 in the forgoing equations leads to the case of

a solid finite cylindrical catalyst pellet.

- R .
_UOC;CI, ,]_1 K J;[ R<0

pdpdf
(11)
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Therefore, Eqg. (10) can be written as,

1{(12\2/}(“ 0)2 [yy—vg}ﬂl—s) pap=0 (12)
Pe| dx (y+av) dx dx

The widely used boundary condition can be rewriien

At x=0; —i(@)+v=l
Pe\ dx (13a)

At x=1 y =0
dx (13b)
B. Pressure-drop evaluation in packed bed reactors
For the pressure drop in packed-bed reactors,wék
known Ergun equation can be written
_dP G(13—s) 150( 1_5)”+1.753
dz pE’D, D

P (14)
where, D, is the catalyst pellet diameteB=pU is the mass
velocity. From the mass-conservation principle ilowf

systems,
pzpoﬁ(L)i
P\T /K (15)
where R is the total molar flow, and subscript '0' stafats
feed conditions. For isothermal systems, one cerefbre
write,

_dy {G(l_f)"[15o(l_g)”+1_75(3)1}1(1+ax)
dx P,D,£° D, Py

1+o
- ()
yrov (16)
For the casey = 0, the above equation simplifies to,
y= (1— 2,30X)o'5 (17)

IV. RESULTS ANDDISCUSSION

The key objective of the present work is to carey an
assessment of the efficacy of the proposed stratey
enhancing the conversion level of a chemical reattp
varying the shape parameters of the hollow cylcalrcatalyst
pellet. Towards this end, the effectiveness faioobtained
for the case of the linear kinetics first for tregadyst pellet of
hollow cylindrical geometry is compared with that the
spherical geometry.

The dependence of the effectiveness factor on thield
modulus is shown in Fig. 1a for differeptand a fixed value
of thex = 0, which corresponds to a solid cylinder. Ndtatt
the Thiele modulus used is based on the equivalelime
diameter, which is defined as follows:

2R,
B (18)
where, R is the equivalent volume diameter defined by,

Ry = [L5(1 — K2)yol5R, (19)
The effectiveness factor of the sphere is alsogmtesl here
for comparison It is clear from the figure that @napherical
cylindrical shape leads to a substantial rise éndfiectiveness
factor of the catalyst pellet. The shape parametelays an

W/:

important role in this connection. The greater dieparture of
vy from unity, the higher is the effectiveness fact@he

quantitative improvement obtained by using the pbesical

catalyst pellet is shown in Fig. 1b. The ordinatéhie percent
difference obtained using the nonspherical particle

compared to the case of the sphere for a fixedmelof the

catalyst pellet. An improvement as high as 200%dt&ed a
short cylinder with a height to diameter ratio d%0.

The dependence of the effectiveness factor onythe
shown in Fig. 2 for different Thiele modulus antix@d value
of the k = 0.5. It is seen here that as the Thiele modulus
increases, the effectiveness factor decreases. iJhasclear
indication that the internal mass transfer restsaimcreases
with the increase in the Thiele modulus therebylileg to a
decrease in the effectiveness factor. This issuefigreat
interest for the design of heterogeneous reactangto the
fact that the decrease in the effectiveness is asuare of
decrease in the effective utilization of the cagtlyeing used
for the conversion. This consequently leads to eradese in
the conversion level of the reactor.

The key feature of the Fig. 2 is the effect of then the
effectiveness factor. It is important to point dwgre that the
total volume of the catalyst pellet is held constan a fixed
value of the Thiele modulus. Therefore, the chamgéhe
effectiveness factor seen here is solely due tov#éiation in
v. Itis interesting to note that all the curveswrominimum.
The minimum tends to occur when theatio is close to unity.
A close look on figure reveals another interestiaspect of
these curves. These curves are not symmetricaindrthe
unity. Fory = 0.1, the effectiveness factor is substantially
higher thany = 10. Note that smaller values 9frepresent
hollow ring while larger values of the same repnédeng
hollow cylinder. It can be concluded from Fig. Z2aththe
greater the departure of thdrom the unity, the higher is the
effectiveness factor. For the design of the catalspe, such
a geometrical configuration is therefore recommender
achieving a higher degree of conversion.

Fig. 3 depicts the dependence of the effectivefeetor on
the y for different values ok when the Thiele modulus is
fixed at 5. As seen before, all the curves showignmum.
This minimum tends to progressively shifts towaadswery
as the value of is increased. Note thatis in fact a measure
of the thickness of the hollow cylinder. The higltlee «, the
thinner is the hollow cylinder. Smaller values af on the
other hand, represents a hollow cylinder for whiica inner
diameter is very small as compared to the outer theeshape
is thus close to the one of a solid cylinder. Thisans that the
lowest value of the effectiveness factor will océurthe solid
cylinder. As thex is increased, the effectiveness factor always
shows an increase for all values of theThe difference is
however more pronounced for tall hollow cylindefsr short
hollow cylinders, the change in the does not make a
significant difference unless it happens to be vbiy.

V. CONCLUSIONS
The results presented here conclusively provettigashape
plays an important role in improving the effectieen of a
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catalyst pellet. By varying shape parameters, aifsignt
enhancement in the catalyst effectiveness is eviftanthe
case of the linear kinetics. For example, a shiftthe
parametey from unity is important for better performance. As
far as solid cylinders are concerned, a short dglinwith a
small y is better. On the other hand, better performaisce
obtained for a long hollow cylindrical catalyst le¢l as
compared to short ones. On the other hand, lamjees of the
parameterk are always more useful for the conversior
enhancement. For industrial application howeves \thalue of
« will be limited by the strength considerationsvlaw of this
issue, a value ok (=0.5) is rather more practical. It is seen

here that the variation in the shape parametersonhec
increasing important for higher values of the Taietodulus
when the internal mass transport resistance is ritapb
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