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Criteria for isothermal conditions andror absence of diffusion resistances in catalytic
reaction were deri®ed using approximate profiles of reagents concentration and tempera-
ture for the important reaction � Aq� B™� R and for a power-law type of theA B R
kinetic equation, which are quite often applied in practice. The method can be easily
adapted to another type of kinetic rate equation andror more complicated reaction
schemes. The de®eloped criteria were applied to some data from the literature with good
result.

Introduction
Is external diffusion limiting? Does temperature gradient

in a catalyst pellet play a major role? Is internal diffusion
important? In many instances it is of interest to obtain quick
estimates to these questions. It could widen researcher expe-
rience on a process and could make designing easier, and
also modeling and simulating, which are more and more com-
monly applied and useful methods of process analysis. It
should be pointed out that answers to the questions can help
to build correct mathematical models of catalytic processes
that are highly nonlinear and coupled. The lack of mass- or
heat-transport resistances or, especially, isothermal condi-
tions result in a substantially simplified model equation set
and a method of solution.

The literature on chemical reactor engineering includes a
number of diagnostic criteria. Major reviews on this topic are

Ž .given by Froment and Bischoff 1979 and Doraiswamy and
Ž .Sharma 1984 . In addition, an interesting criterion on the

importance of temperature and concentration gradients in
Ž .catalyst pellets was given by Dogu and Dogu 1984 . These

are the criteria that still are the most often applied in prac-
tice. Some of the criteria from among those just listed will be
discussed in detail in the following. Unfortunately, these cri-
teria concern only the single-component reactions, which
considerably lessens their usefulness in practice.

Ž .Dogu 1985 had developed a criteria for multicomponent
reactions. He relied on parabolic concentration profiles and
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a hyperbolic-type temperature profile inside a pellet. The in-
trinsic reaction rate was expanded into a Taylor series. In
this article, a number of criteria are developed with the in-
tention of presenting a simple and general method of detect-
ing interphase transport intrusions and intraparticle tempera-
ture and concentration gradients for the pellet. The relation-
ships were derived using the parabolic concentration profiles

Ž . wand temperature profiles by Petrus 1988a,b a parabolic
Ž .xtemperature profile was first used by Anderson 1963 and a

modified power series expansion of effectiveness factor terms.
The changes result in simplified algebra with no loss of accu-
racy. The method applied is explained using an important
example, quite often used in practice reaction � Aq� B™A B
� R, and for a power-law type of the kinetic equation. TheR
method can be easily adapted to another type of kinetic rate
equations andror more complicated reaction schemes.

Theory
Consider a case where the active material is supported on

Žnonactive core it is often seen in practice, such as this type
of catalyst is commonly used in selective hydrogenation of

.acetylene�a very important commercial process . The
steady-state mass and heat balances for the two-component
single nonisothermal reaction

� Aq� B™� R 1Ž .A B R
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can be expressed in dimensionless form as follows

1 d dc �i ia 2D x y � R s0, is A , B 2Ž .i Žc ,� .a iž /x dx dx �A

1 d d�
a 2x q� � R s0 3Ž .0 Žc ,� .a iž /x dx dx

with boundary conditions

dc d�i s0 s0 at xs0 4Ž .
dx dx

dc K d�i i� �sSh E yc sNu 1y� at xs1 5Ž .Ž . Ž .i i , s sdx D dxi

where R is the kinetic expression, and is equal to 0 forŽc ,� .i

the nonactive core. The subscript i denotes a component of a
Ž .reaction is A, B . Parameters D , K , E are equal to 1A A A

and will be omitted in the following.
The dimensionless radius of the pellet is defined as follows

ryRnc
xs 6Ž .

R yR0 nc

where R denotes the radius of the nonactive core of thenc
pellet.

Note that:
� The model includes the case of the fully active pellet;

then R s0;nc
� The model includes the case of reaction � A™� R;A R

then � s0 and the equation for component B should beB
omitted;

� For isothermal processes the rate equation does not de-
pend on temperature and proper terms in kinetic equation
R and are neglected in the model. Hence, Eq. 3 withŽC ,� .

i
boundary conditions can be omitted. This rule will be applied
in the following, as well.

Solving the model equations gives the reaction components
andror temperature profiles. Unfortunately it is a rather hard
problem to solve, although the key-component concept and
the Prater relationship, which relates the temperature and
concentration profiles, can make the task easier. However,
the aim of this work can be achieved without finding an exact
solution, by assuming parabolic profiles of reagents andror
temperature. But this simple assumption is complicated due
to internal diffusion. It is common knowledge that for small
and medium internal diffusion resistance, reagent concentra-
tions, and in consequence reaction rate in an active part of a

Ž .catalyst pellet, are positive cf. curve 1 in Figure 1 . Thus, the
Žreaction zone that is, the area for which a reaction rate is

.significant is equal to the active part of the catalyst pellet.
As diffusional resistances grow, the reagent concentration in

Žthe active part drops cf. curve 2, for which the concentration
.drops to null at rsR , and finally the reaction zone nar-nc

Žrows cf. in curve 3, the resistance is significant, and R rep-c
.resents the position of the hypothetical reaction interface .

It is easy to see in Figure 1 that the parabolic approxima-
tion of the concentration profile in the whole active part of

Figure 1. Reagent concentration vs. radius of the pellet.

the pellet is correct only for curves 1 and 2; that is, for small
and medium internal diffusion resistance. Otherwise the
parabolic approximation should concern only the reaction
zone. Note, that curves 2 and 3 differ from each other in
principle by the location of the border of the reaction zone.
It follows that the narrower reaction zone can be taken into
consideration relatively easily by substituting the radius of the
nonactive core, R , by the hypothetical reaction interface,nc
R , in the model. Thus, coordinate x should be substitutedc
by

ryRc
� s 7Ž .

R yR0 c

At first the region of the small internal diffusion resistance
will be considered. Parabolic concentrations and temperature
profiles are given by

c x sc qa 1y x2 8Ž . Ž . Ž .A As c A

c x sc qa 1y x2 9Ž . Ž . Ž .B Bs cB

� x s� qa 1y x2 10Ž . Ž . Ž .s �

The unknown parameters a , a , and a can be found byc A cB �

Ž .using boundary conditions Eq. 5

Sh� 1ycŽ .As
a sy U 11Ž .c A 2

K i�Sh E ycŽ .B BsDi
a sy U 12Ž .cB 2

Nu� 1y�Ž .s
a sy U 13Ž .� 2

where

Rnc
Us1y 14Ž .

R0
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On the other hand, the mass and heat fluxes at steady state
can be expressed as

� s aq1 Sh� 1yc 15Ž . Ž .Ž .0 A A s

� KB i�� s aq1 Sh E yc 16Ž . Ž .Ž .0 A B Bs� DA i

� � s aq1 Nu� � y1 17Ž . Ž .Ž .0 A 0 s

Combining Eqs. 8, 11, 15; 9, 12, 16; and 10, 13, 17, respec-
tively, the concentration and temperature profiles are ex-
pressed by

� 1 10 A 2c x s1y q U 1y x 18Ž . Ž . Ž .A �aq1 Sh 2

� � 1 1B 0 A 2c x sE y q U 1y x 19Ž . Ž . Ž .B B �aq1 � Sh K 2 DŽ . A B B

� 1 10 A 2� x s1q� q U 1y x 20Ž . Ž . Ž .0 �aq1 Nu 2

The profiles are valid if the reaction zone is the same as the
active zone of the pellet. Curve 2 in Figure 1 represents an
extreme case for the concentration profiles, which means that
either the concentration of component A or the concentra-
tion of component B is equal to 0 for xs0. This observation
can help to evaluate the region of validity of Eqs. 18�20,
namely, they are valid if

2 aq1 2� aq1 Sh�K D EŽ . Ž .A B B B
� �� smin ,0 A 0 A ,crit � �ž /2qSh U � 2 D qSh K UŽ .B B B

21Ž .

By analogy, if � G� , then0 A 0 A,crit

� 1 10 A 2c � s1y q V 1y� 22Ž . Ž .Ž .A �aq1 Sh 2

� � 1 1B 0 A 2c � sE y q V 1y� 23Ž . Ž .Ž .B B �aq1 � Sh K 2 DŽ . A B B

� 1 10 A 2� � s1q� q V 1y� 24Ž . Ž .Ž .0 �aq1 Nu 2

where

R 2 aq1 2 2� aq1 E DŽ . Ž .c A B B
Vs1y smin y ,�žR � Sh � �0 0 A B 0 A

2 DBy 25Ž .� /Sh K B

Equation 25 results from the observation that either the con-
centration of component A or the concentration of compo-

Ž .nent B is equal to 0 for � s0 cf. curve 3 in Figure 1 .

And finally two additional notes. The value of the Weisz
modulus is restricted by physical considerations so that in this
extreme case, V approaches 0, which leads to the following
equation

�A� �� �� smin aq1 Sh , aq1 Sh K EŽ . Ž .0 A 0 A ,bound B Bž /�B

26Ž .

Note that the use of Eqs. 18�20 is sufficient to achieve the
aim of the work. The only exception concerns heat-transfer
resistances and will be presented later.

The way to obtain the profiles as well as to calculate the
reaction zone depth, V, and limiting values � and0 A,crit

Ž .� is described in more detail by Petrus 1988a,b .0 A.bound
Next we present an evaluation of the importance of tem-

perature or concentration gradients based on the effecti®eness
factor, a very important particle parameter. It is common
knowledge that an overall effectiveness factor

1 a	 s aq1 x R dx 27Ž . Ž .H0 Žc ,� .i0

is a reflection of mass and heat resistances, both outside and
inside of the catalyst pellet. It can be presented as a product
of two factors

	 s	 	 28Ž .0 ex

Ž .The first called 	 is a reflection of interphase transportex
intrusions and can be expressed as

	 sR 29Ž .ex Žc ,� .i s s

Ž .while the second 	 the well-known local effectiveness factor
is a reflection of intraparticle temperature and concentra-
tions gradients, and is expressed as

1 aaq1 x R dxŽ .H Žc ,� .i0
	s 30Ž .

Rc ,� .i s s

And so, in order to derive the criteria we assume that the
influence of the overall transport limitation can be neglected
if maximal deviation of 	 does not exceed 5%. Similarly, the0
influence of external transport resistances or internal tem-
perature and concentration gradients can also be ignored if
the maximal deviation of 	 or 	, respectively, does not ex-e x
ceed 5%. This approach is in many instances sufficiently ex-
act and permits the criteria obtained to be shown as closed
mathematical formulas.

To derive the criteria for reactions frequently found in in-
Ž .dustrial practice Eq. 1 with power-law kinetics, we can write

n1 n2c c 1A B
R s exp 
 1y 31Ž .Žc ,� . 0n2i ž /�EB

Since both concentrations and temperature profiles are de-
termined, all that is left to be shown is a way to derive the
criteria and mathematical manipulations.

September 2003 Vol. 49, No. 9AIChE Journal 2421



External mass- and heat-transfer resistances
In the first instance, considering the most general case, the

simultaneous intrusion of both external resistances, it is
enough to take the parameter 	 into account, that is, itse x
value should be found in the range

0.95�	 �1.05 32Ž .e x

Substituting Eq. 29 into Eq. 32 and combining with Eq. 31
leads to

n1 n2c c 1As Bs
0.95� exp 
 1y �1.05 33Ž .0n2 ž /�E sB

where c , c , and � can be obtained by substituting xs1As Bs s
into Eqs. 18�20. By combining the resulting equation with
Eq. 33, the following inequality can be obtained

n2n1
� � �0 A B 0 A

0.95� 1y 1y� �ž / ž /aq1 Sh aq1 � K E ShŽ . Ž . A B B

1
�exp 
 1y �1.05 34Ž .0 �0 A� 01q�0 �aq1 NuŽ .

The preceding relationship is rather complicated. A power-
series expansion of concentrations and temperature terms
Ž .with truncating nonlinear terms allows us to simplify it to
the inequality

� � �0 A B 0 A
0.05 aq1 � n1qn2 1yn1Ž . � �ž /Sh � K E aq1 ShŽ .A B B

� 
� �0 A 0 0 A�y � Sh y� � ½aq1 Sh Nu 3Ž .

� �B 0 A
� n1qn2 1yn1 � 5ž /� K E aq1 ShŽ .A B B

35Ž .

In this inequality, the first term gives information on the dif-
fusion limitations, and the second term gives information on

Žthe heat effects. If heat-transfer resistance is negligible such
.as for isothermal processes , Eq. 35 can be simplified by sub-

stitution of Nu�™�. This leads to

� � �0 A B 0 A
0.05 aq1 � n1qn2 1yn1Ž . � �ž /Sh � K E aq1 ShŽ .A B B

36Ž .

Similarly if the external mass-transfer resistance is negligible
Ž � .Sh approaches infinity , then to examine heat resistance it
is enough to check the simple inequality


� �0 0 A
0.05 aq1 � 37Ž . Ž .�Nu

Equations 36 and 37 also can be derived on the basis of Eq.
33 by neglecting the terms concerning concentration or heat
dependence, respectively.

Internal mass- and heat-transfer resistances
Equations concerning internal mass- and heat-transfer re-

sistances can be derived in the same way as was described in
the preceding subsections. The only difference is the use of
the following equation

0.95�	�1.05 38Ž .

instead of Eq. 32.
So substituting Eq. 30 into Eq. 38 and combining with the

equations that describe the concentration and temperature
Žprofiles, linearization by expanding a result into a power se-

.ries and truncating nonlinear terms and then integrating
leads to the following inequality

�B
0.05 aq1 aq3 � � n1qn2 y
 �Ž .Ž . 0 A 0 0½ � E DA B B

� 2�0 A By n1 � n2
aq1 aq5 � E DŽ . A B B

2n1 2� n2By
 � � q0 0 ž aq5 aq5 � E DŽ . Ž . A B B

3� n10 A
� 1y 39Ž .5ž / /aq1 aq7Ž .Ž .

If the preceding inequality is true, then both concentration
and temperature gradients inside the pellet are neglected.
Similarly, as in the preceding point, a criterion concerning
only internal mass-transfer resistances if heat-transfer resis-
tance is negligible can be derived. The following equation
presents it

�B
0.05 aq1 aq3 �� n1qn2Ž .Ž . 0 A � E DA B B

�
2�0 A

1yn1 40Ž .ž /aq1 aq5Ž .Ž .

Finally a criterion on the lack of an internal temperature
Ž .gradient if concentration gradients can be omitted derived

in the proposed way is given by

� �0.05 aq1 aq3 � 
 � � 41Ž .Ž . Ž .0 0 0 A

O©erall mass- and heat-transfer resistances
Using the following equation

0.95�	 �1.05 42Ž .0

and following the reasoning in the same way as described
earlier, one can obtain three expressions. First, all resistances
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can be neglected if the following inequality is true

aq3Ž .
0.05 aq1 aq3 � � n1 q1Ž .Ž . 0 A �ž /Sh

� n2 aq3 1Ž .Bq q�ž /� E K Sh DA B B B

aq3 �Ž . 0 Ay
 � q1 y0 0 �ž /Nu aq1Ž .

� n1 � n2 1 1B
� q� �½ ž� E K Sh NuA B B

2 1 1
q y
 � n1 q0 0 � �ž/aq5 D Sh NuŽ . B

2 � n2 1 2Bq q q�/ ž /aq5 � E D Nu aq5Ž . Ž .A B B

2�0 Ayn1 � n2
aq1 aq5 D EŽ .Ž . B B

1 1 3
� q q 43Ž .� � 5ž /Nu Sh aq7Ž .

ŽNext, the mass-transfer resistances can be omitted if the
.heat-transfer resistances are negligible if

aq3Ž .
0.05 aq1 aq3 �� n1 1qŽ .Ž . 0 A �ž /½ Sh

� aq3 1Ž .Bqn2 q�� E K Sh DA B B B

� aq3 1Ž .0 Ayn1 q ��2ž3 K ShK Sh BB

1 2
q q 44Ž .� 5/D Sh aq5 DŽ .B B

ŽFinally, the heat-transfer resistances can be omitted if the
.mass-transfer resistances are negligible if

aq3Ž .
0.05 aq1 aq3 � 
 � � 1q 45Ž .Ž . Ž .0 0 0 A �ž /Nu

But a more detailed analysis leads to the conclusion that
the pellet can be isothermal apart from the mentioned case if
the internal heat-transfer resistance is neglected instead of
the external one and the reaction zone is narrow; that is, the

wvalue of parameter V is close to 0 this problem was consid-
Ž .xered in earlier works by Petrus 1988a,b . In this case, the

following inequality should be considered

� �0.05� 
 � 1y� 0 46Ž . Ž .Ž .0 s

Ž .where � and � 0 can be obtained by substituting � s1 ors
� s0 respectively, into Eq. 24. By the substitution of � ands
Ž .� 0 into Eq. 46 and using Eq. 25, the following inequalities

can be obtained

�0 A

 � 1y0 0 �ž /aq1 ShŽ .

0.05� 47Ž .� 2Sh
1q�0 �ž /Nu

or

� E D � DA B B 0 A B

 � y0 0 �ž /� aq1 Sh KŽ .B B0.05� 48Ž .2�� E K ShA B B

1q�0 �ž /� NuB

Inequality 47 is valid if component B is in excess in the reac-
tion mixture and, vice versa, inequality 48 is valid if compo-
nent A is in excess in the reaction mixture.

Discussion
The criteria were derived using the approximate tempera-

ture and concentration profiles. The choice of the profile type
has an immediate impact on the accuracy and simplicity of
the criteria. The chosen profiles should satisfy the basic rela-
tionships for a catalyst pellet, for example, the Prater rela-
tionship. If necessary, the accuracy can be improved at the
expense of the simplicity of the outcome by considering

Ž .high-order terms of the series expansion see Eqs. 53 and 54 .
In the previous section many criteria were derived for the

diffusion-reaction process in a catalyst particle. Experimental
data published in the literature do not allow all of the criteria
to be tested. For this reason only some of them are verified
and discussed here. Moreover, the criteria derived in this ar-
ticle involve only two-component reactions, and this limita-
tion makes a comparison with criteria available in the litera-
ture difficult. However, the criteria can be easily adapted to
one-component reactions by the simple substitution of n2s0

Žand � s0 with the single exception of Eq. 48, which con-B
.cerns only two-component reactions . It allows us to both

compare developed criteria with published ones and to prove
their correctness. All cited criteria will be expressed using the
notation of this work.

At first, inequalities 36, 37, and 40, are considered. For a
one-component reaction and for a spherical particle, they can
be expressed as

�0 A
0.15� n1 49Ž .�Sh

�0 A
0.15� � 
 50Ž .0 0�Nu

0.75� n1� 51Ž .0 A

respectively. Inequalities 49�51 were published earlier, and
Ž .they were verified by Hudgins 1981 and Hudgins and Silve-
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Ž .ston 1984 . This confirms indirectly that inequalities 36, 37,
and 40, are correct for two-component reactions.

Inequality 39 concerning internal mass- and heat-transfer
resistances for a one-component reaction and for a spherical
particle can be expressed as


 � 2�0 0 0 A
0.75� n1� 1y 1yn1 52Ž .0 A ž /nl 21

A criterion concerning internal mass- and heat-transfer resis-
tances also has been presented earlier by Dogu and Dogu
Ž .1984


 �0 0
0.75� n1� 1y 53Ž .0 A ž /n1

Ž .and by Dogu 1985


 � 10 0 20.75� n1� 1y q n1�Ž .0 A 0 Až /n1 21

2n1y1 
 � 
 � 10 0 0 0 3
� y q2 y q n1�Ž .0 Až /n1 n1 n1 567

2n1y1 n1y2 n1y1 
 � 
 �Ž .Ž . 0 0 0 0
� y3 q32 ž /n1 n1 n1n1

3
 � 10 0 4y q n1�Ž .0 Až /n1 18,711

n1y1 n1y2 n1y3 n1y1 n1y2 
 �Ž .Ž .Ž . Ž .Ž . 0 0
� y q43 2 n1n1 n1

2 3 4n1y1 
 � 
 � 
 �0 0 0 0 0 0y6 q4 y 54Ž .ž / ž / ž /n1 n1 n1 n1

Ž .Based on the results given by Maymo and Smith 1966 , in-
equalities 52�54 can be compared. Table 1 presents the com-
parison.

In agreement with the earlier assumption, the lack of resis-
tances is indicated by the value of the effectiveness factor�if

Ž .its value is included in the range 0.95, 1.05 , then resistances
can be neglected. Inequality 52 is true only for run 8-7, and a
measured value of the effectiveness factor 	s0.96 confirms
it. In the remaining circumstances, inequality 52 indicates that
the resistances cannot be neglected. In contrast to inequality

( )�Table 1. Verification of Criteria Eqs. 52 and 53

Run � 
 
 � rn1 � 	 Eq. 52 Eq. 53 Eq. 540 0 0 0 0 A

7-1 0.030 7.00 0.261 4.47 0.67 2.97 2.65 3.13
8-4 0.131 6.81 1.109 5.53 0.93 1.60 0.49 1.28
8-7 0.136 7.27 1.230 3.84 0.96 0.41 0.71 0.06
11-2 0.116 7.03 1.014 4.33 0.92 1.12 0.048 0.92
E1 0.339 6.75 2.846 5.18 1.10 2.98 7.68 8.47
10-2 0.116 6.58 0.949 12.31 0.60 9.35 0.504 12.06

� Ž .Based on data given by Maymo and Smith 1966 .

Ž .52, inequality 53, given by Dogu and Dogu 1984 , indicates
Žthe lack of resistances for as far as four runs 8-4, 8-7, 11-2,

. Ž10-2 . If the error for runs 8-4 and 11-2 is not big effective-
.ness factor values are close to an extreme value of 0.95 , then

for run 10-2 inequality 53 completely fails. Inequality 54 does
not have this drawback. What is the reason? Inequality 52
can be easily rearranged to get


 � 2
 �0 0 0 0 20.75� n1� 1y q � n1 55Ž .0 A 0 Až /n1 21

Inequalities 53�55 differ from one another by the last terms
on the righthand side, which describe the interaction be-
tween the mass and heat fluxes in the pellet. In some circum-
stances, the interaction plays a major role and it primarily
impacts on process behavior. The core of the importance of
the interaction between the mass and heat fluxes is presented

Ž .in Figure 2. This figure presents the relation � s f � for0 A 0
Ž . Ž .run 10-2 Table 1 . The single point square represents data

for run 10-2. The area below the solid line includes processes
for which internal mass- and heat-transfer resistances can be
omitted, in agreement with Eq. 53. It is easy to see that if

 � rn1 is sufficiently close to 1, then the � value can be0 0 0 A
unlimited, which cannot be found in practice. Taking the in-
teraction between the mass and heat fluxes in the pellet into
account eliminates this drawback by limiting the � value0 A
for which the internal mass- and heat-transfer resistances can
be omitted. The area under the dashed line in Figure 2 rep-
resents the processes for which the resistances can be omit-

Ž .ted in agreement with Eq. 52 . Equation 54 correctly indi-
cates the lack of resistance, because its accuracy was im-
proved by considering the high-order terms of the series ex-
pansion. The area for which internal mass- and heat-transfer
resistances can be omitted in agreement with Eq. 53 is simi-

Ž .lar to the area under the dashed line but smaller . Similar
outcomes were obtained for other values of parameters � ,0

 , � , and n.0 0 A

Inequality 43, which concerns all mass- and heat-transfer
resistances, can be verified on the basis of results presented

( )Figure 2. � vs. � for the run 10-2 Table 1 .0 A 0
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( )�Table 2. Verification of Criteria Eqs. 56 and 57
� �Sh Nu 
 � 
 � rn1 � 	 Eq. 56 Eq. 570 0 0 0 0 A 0

1.0 1.0 10.0 y0.4 y4.0 0.0098 0.98 0.29 0.29
1.0 1.0 10.0 y0.4 y4.0 0.176 0.669 5.18 5.40
50.0 1.0 10.0 y1.0 y10.0 0.0096 0.961 0.59 0.59
50.0 1.0 10.0 y1.0 y10.0 0.138 0.554 8.35 8.90

69.16 10.06 9.65 0.0428 1.160 38.13 0.937 19.46 7.04
67.25 9.77 9.63 0.065 1.758 33.31 1.092 14.43 15.27
61.53 8.74 9.89 0.082 2.278 22.05 1.032 0.14 16.73

� Ž . Ž .Based on data given by Tan and Smith 1984 upper part , Respondek
Ž . Ž . Ž .and Petrus 1978 , Petrus and Respondek 1979 lower part .

Ž . Ž .by Tan and Smith 1984 , and by Respondek and Petrus 1978
Ž .and Petrus and Respondek 1979 . For a one-component re-

action and for a spherical particle it can be expressed as

5 
 �0 0
0.75� n1� q1y0 A �½ Sh n1

5 � 1 1 20 A
� q1yn1 q q 56Ž .� � � 5ž /Nu 3 Sh Nu 7

Ž .The criterion by Dogu 1985 has the form

5 � �0 A 0
1q 1q� �ž /5 
 � Nu 3 Nu0 0

0.75� n1� q1y0 A � 2Sh n1 � �0 A 0
1q �ž /3 Nu

57Ž .

The verified results are presented in Table 2.
Inequality 56 is valid for data included in the first, third,

and last rows of the Table 2, and without error indicates cases
for which 0.95�	 �1.05; that is, cases for which all mass-0
and heat-transfer resistances can be omitted. Inequality 57
fails for the last case, unfortunately.

Finally, we discuss inequality 40 for two-component reac-
tions. For a spherical particle, it can be expressed as

� 2�B 0 A
0.75�� n1qn2 1yn1 58Ž .0 A ž /� E D 21A B B

Ž .The criterion by Dogu 1985 has the form

�B
0.75�� n1qn2 59Ž .0 A ž /� E DA B B

Ž .The verification is based on results given by Baldi et al. 1974 .
The results are presented in Table 3.

In all cases, both inequalities 58 and 59 are not true, so
internal mass-transfer resistances cannot be neglected. Ex-
perimental values of the effectiveness factor confirm these
outcomes.

All of the outcomes presented previously suggest that the
criteria developed here are correct. The method of verifica-
tion also proves that the criteria can be successfully applied

( )�Table 3. Verification of Criteria Eqs. 58 and 59

E D � r� n1 n2 � 	 Eq. 58 Eq. 59B B B A 0 A

2.6 0.4 2 1 1 0.462 0.92 1.31 1.35
2.6 0.4 2 1 1 1.060 0.87 2.89 3.09

� Ž .Based on data given by Baldi et al. 1974 .

after being simplified for one-component reactions and in
some circumstances are better than the criteria published
earlier, because they take the interaction between mass and
heat fluxes in the pellet into account. The method can be
particularly easily adapted to another type of kinetic rate

Žequation such as the Langmuir-Hinshelwood type or any type
.of experimental relationship . In that case, the kinetic equa-

Žtion of the power-law type is replaced with a ‘‘new’’ one de-
termination of parabolic profiles of reagent concentrations

.and temperature can be omitted . For more complicated re-
action schemes, the full methodology of the criteria deriva-
tion should be utilized. And finally one last note. If the crite-
ria are not sufficiently precise, they can be easily improved by
considering the high-order the terms of the series expansion.

Conclusions
The derived criteria of mass and transfer that are relatively

important concern quite a large class of reactions, and they
are characterized by good accuracy. Moreover, the method of
derivation presented for the chosen reaction and kinetic
equation can be easily extended to practically any type of re-
action in accordance with the following scheme:

� Ž .Determination of approximate parabolic profiles of
reagent concentrations and temperatures inside the pellet us-
ing mass and heat balances and stoichiometry;

� Substitution of the profiles or values of the concentra-
tions andror temperatures at the characteristic points of the

Ž .pellet surface, center, and so on into the proper inequality;
� ŽMathematical manipulations expansion into a power se-

.ries, integration, and so on to obtain the final version of the
criterion

The criteria are straightforward, and their use should not
cause difficulties, even though they have the disadvantage of
rather complex formulas if the number of species taking part
in a process is large andror the reaction kinetics are not in a
power-law form.

Notation
Žascoefficient equal to 0, 1, 2 for planar, cylindrical,

.and spherical geometry of the pellet, respectively
A, B, Rscomponents

a , a , a scoefficients in Eqs. 11�14c A c B �
Žc sdimensionless concentration of component i re-i

.lated to the bulk concentration
c , � ssurface concentrationrtemperaturei s s

D sratio of effective diffusion coefficients of co-i
mponents i and A

E sratio of bulk concentrations of components i and Ai
K sratio of mass-transfer coefficients of components ii

and A
ni, is1, 2sorder of reaction in respect to component i

Nu� smodified Nusselt number
rsdistance in the pellet

R skinetic expressionŽc,� .
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R sradius of the pellet0
R shypothetical reaction interfacec

R sdimensionless radius of nonactive corenc
Sh� smodified Sherwood number

Usactive zone
Vsreaction zone
xsdimensionless distance in the pellet

Greek letters
� sPrater parameter0

 sdimensionless activation energy0

	, 	 , 	 slocal effectiveness factor, overall effectiveness fac-0 ex
tor, and effectiveness factor with regard to external
transport resistances, repectively

� sstoichiometric coefficient for component ii
� sdimensionless coordinate defined by Eq. 7
�sdimensionless temperature
�sThiele modulus

� , � ,0 A 0 A ,crit
� sWeisz modulus, critical value of Weisz0 A ,bound

modulus, and extreme value of Weisz modulus,
respectively

Subscripts
sssurface
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