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Multiple difision reactions are frequently encountered in the modeling of heteroge- 
neous catalytic reactors. Obtaining an accurate estimate of the yield and selectivity in 
such reactions is crucial for an optimal design of reactors. Due to the inadequacy of 
analytical techniques in handling nonuniform catalyst shapes and mixed boundary con- 
ditions, numerical techniques are often employed to compute these design parameters. 
Among other numerical techniques, the boundary element method (BEM) is a superior 
method to solve linear difision reaction problems. The integral nature of the BEM 
formulation allows for boundary-only discretization of the particle, thus reducing the 
computer execution time and the data preparation effort. A boundary element algorithm 
is developed to solve a network of linear difision reactions in porous catalyst particles 
in two dimensions. For this purpose, a matrix of fundamental solutions is defined and 
derived. The developed algorithm is applied to complex reaction networks to obtain the 
yield of intermediates for nonregular catalyst shapes and nonuniform boundary condi- 
tions. The method can be used as a design tool to study particle scale modeling in detail 
and can be incorporated into an overall reactor model. 

Introduction 
The quantitative understanding of the diffusion reaction 

phenomena in a qtalyst particle is essential for the optimal 
design of heterogeneous reactors. Reaction systems of indus- 
trial importance often involve multiple species participating 
in a complex network of reactions with nonlinear kinetics. 
The study of reaction networks with linear kinetics (Wei and 
Prater, 1962) is a prerequisite for detailed analysis of net- 
works with nonlinear kinetics. Also the linear approximation 
in itself could be a reasonable assumption for practical appli- 
cations in view of the complexity of the system. For example, 
a network of linear reactions is used as a “lumped” kinetic 
model for the process of catalytic cracking in petroleum in- 
dustry (Stangeland and Kittrel, 1972). Even with this linear 
approximation, the estimation of the key design parameters 
such as the yield and the selectivity is a challenging task un- 
less the catalyst geometry is regular (like slab, cylinder, and 
sphere) and the boundary conditions are uniform. 

Mathematically, a network of linear diffusion reactions in a 
porous catalyst particle can be expressed in vector notation 
as 

v 2 c = K c  in a. (1) 
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where c is the vector of concentrations of N independent 
species participating in the reaction, k is the matrix consist- 
ing of the “composite” rate constants (ratio of reaction rate 
constants to the diffusion coefficients), and is the domain 
of the catalyst particle. The set of goyerning differential 
equations are coupled because matrix K is typically not a 
diagonal matrix. The domain R is the volume (surface) of the 
catalyst particle in the 3-D (2-D) case. The boundary condi- 
tions are specified over the enclosing surface (perimeter), r, 
in the 3-D (2-D) case. The analytical solution for the preced- 
ing vector equation is difficult to obtain due to coupled reac- 
tions, nonregular catalyst geometry, and nonuniform bound- 
ary conditions. Hence there is a need to develop effective 
numerical techniques to solve such equations to get an esti- 
mate of the product distribution. Among several numerical 
methods, the boundary element method (BEM) is an elegant 
technique to solve linear diffusion reaction equation (Brebbia 
and Dominguez, 1989; Ramachandran, 1993). In the recent 
past the BEM has found widespread use in fluid dynamic 
problems (e.g., Pozrikidis, 1992; Power and Partridge, 1994). 
But the method has not yet made an impact in the field of 
chemical reaction engineering. 
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Using BEM the differential Eq. 1 can be converted to an 
equivalent integral equation by applying the Green-Gauss 
theorem. Owing to the integral nature of the resulting formu- 
lation, the dimensionality of the problem is reduced by one, 
that is, the solution over the entire domain is obtained by 
discretizing the boundary of the particle. Since only the 
boundary is discretized, handling complex geometries and 
imposing nonuniform boundary conditions becomes simple. 
This significantly reduces the degrees of freedom (number of 
variables required to obtain a numerical solution to Eq. 1) 
when compared to other numerical techniques like the finite 
difference method and the finite element method. Ra- 
machandran (1991) has demonstrated the use of BEM for 
solving a single linear diffusion reaction equation in a catalyst 
particle with nonuniform boundary conditions. However, the 
method has not yet been applied to solve multiple diffusion 
reaction equations. In this article, we extend the boundary 
element procedure to solve such coupled multiple linear dif- 
fusion reaction equations. For this purpose, the governing 
differential equations are formulated in a vector form and 
the matrix of fundamental solutions is defined. The matrix of 
fundamental solutions is the tensor analog of the scalar funda- 
mental solution used in single reactions and is obtained by 
using matrix transformation techniques. The algorithm devel- 
oped here can be used to study the effect of catalyst shape 
and nonuniform boundary conditions on the yield of a de- 
sired product in a complex reaction network. Illustrations to 
this effect are presented in this article. 

The outline of the article is as follows: the next section 
discusses the mathematics of the boundary element method. 
The third section describes the procedure to obtain the mu- 
trix of fundamental solutions along with an illustration. The 
fourth section demonstrates the usefulness of the developed 
algorithm with some numerical examples. The final section 
presents a brief summary of this research work. 

Boundary Element Method 
The mathematics of the boundary element method for both 

single and multiple reactions is discussed in this section. We 
review the method for single reactions first since the exten- 
sion of the boundary element procedure to multiple reactions 
essentially involves an approach parallel to that of the single 
reaction case. 

Single reaction 
mT Consider the single irreversible reaction A -B. The gov- 

erning partial differential equation can be expressed as 

V2c - m:c = 0, (2) 

where V 2  is the Laplacian operator, c is the dimensionless 
concentration variable of species A ,  and rn: is the “com- 
posite”rate constant. The idea behind BEM is to convert this 
differential problem into an integral problem by applying the 
method of weighted residuals and the Green-Gauss theo- 
rem. 

The first step in BEM is to multiply Eq. 2 with a weighting 
function and integrate the resultant over the entire domain. 
Thus the weighted residual formulation becomes 
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where G is the weighting function and R is the domain 
(surface for 2-D problems) under consideration. The next step 
in BEM is to use the Green-Gauss theorem (i.e., integration 
of Eq. 3 by parts twice) to obtain the integral formulation: 

ac dG 
c(V2G - rn:G)dR= 0, (4) 

where r is the boundary of the catalyst particle. Notice that 
the second-order derivatives (V2)  on the dependent variable, 
c,  in Eq. 3 is transferred to the weighting function, G, in Eq. 
4. The dimensionality of the problem with respect to the de- 
pendent variable can be reduced by one if the domain inte- 
gral in Eq. 4 can be eliminated. This is achieved by choosing 
G as the solution to the following equation: 

(5) V2G - m2G = - 6(x - [ , y  - 771, 1 

where 6 ( x  - 6 ,  y - 77) is the Dirac delta function applied at 
any source point (6,771. Physically, - 6 represents a unit 
concentration source at the point ( 5,771. The solution to Eq. 
5 yields the generalized Green’s function or the fundamental 
solution to the diffusion reaction operator and is expressed 
as 

1 
2T 

G = -Ko(m,r), (6) 

where KO is the modified Bessel function of the second kind, 
order zero, and r is the Euclidean distance between the 
source ( 5,771 and the field points ( x ,  y ) .  Using Eq. 5 and the 
sifting property of the delta function in Eq. 4, the final form 
of the integral formulation becomes 

(7) 

where p is the normal gradient of concentration, Q is the 
normal derivative of G, and di is a coefficient that depends 
on the location of the source point i on the boundary (Breb- 
bia and Dominguez, 1989). 

Equation 7 is solved by discretizing the boundary into suffi- 
ciently small elements and approximating the dependent 
variable using suitable basis functions. The dependent vari- 
ables are either the concentrations, c, or their normal gradi- 
ents, p ,  depending on the boundary conditions. The bound- 
ary conditions can be of the Dirichlet type (c specified), the 
Neumann type ( p  specified), or the Robin type (combination 
of c and p ) .  By discretizing the boundary into small elements 
and imposing the boundary conditions, the integral formula- 
tion can be reduced to a system of linear algebraic equations 
of the form, 

A= B ,  (8) 

where k is the coefficient matrix, x and B are the unknown 
and known vectors, respectively. This equation is solved for 
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the unknown boundary variables, x by a standard linear 
equation solver. The procedure for single reaction is well es- 
tablished and discussed in detail by Ramachandran (1991). In 
the following subsection we show the extension of this ap- 
proach to handle multiple reactions by defining the matrix of 
fundamental solutions. 

Multiple reactions 
For multiple linear reactions (both reversible and irre- 

versible), diffusion reaction equations similar to Eq. 2 can be 
written for each independent species. Equation 1, which is 
the vector analog of the single diffusion reaction equation, is 
rewritten as 

Rearranging the domain integral term of Eq. 13 by using ma- 
trix operations, the integral formulation becomes 

-/11([V2G, -(l?‘G,)IT-c}dCl=O. (14) 

The domain integral in Eq. 14 can be eliminated by choosing 
G ,  to be the fundamental solution vector to the diffusion re- 
action operator in vector form 

V2c - K c  = 0 (9) 

where c is the concentration vector whose dkmension is the 
total number of independent species and ,K is the “com- 
posite”rate constant matrix. The nature of K matrix depends 
upon the complexity of the network. Analogous to the funda- 
mental solution to the single reaction case, we define the ma- 
trix of fundamental solutions for multiple reactions denoted as 
6. Using this d matrix as the weighting function, the 
weighted residual formulation for multiple reactions takes the 
form 

Here 6 is an ( N  x N )  matrix ( N  being the number of inde- 
pendent species). The components of the G matrix are repre- 
sented as a set of row vectors as follows: 

The row vectors, G,f, are the transpose of the fundamental 
solution vector, G,, corresponding to the kth-species. Our 
primary objective is to judiciously choose the G matrix such 
that the integral formulation (Eq. 10) does not contain any 
domain integral. To attain our goal let us consider the 
weighted residual formulation corresponding to the kth com- 
ponent of Eq. 10: 

Applying the Green-Gauss theorem to Eq. 12, we arrive at 
the integral formulation: 
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where ek are the orthogonal unit vectors in the composition 
space and xi is the source point vector. For example, in a 
three-component system (i.e., where three independent diffu- 
sion reaction equations can be written), the ek vector is given 
bY 

e,=(1,0,0) e,=(0,1,0) e,=(0,0,1). (16) 

Using Eq. 15 and the sifting property of the Dirac delta func- 
tion, in Eq. 14, the integral formulation is reduced to the 
computation of boundary integrals alone: 

where the coefficient di depends as usual on the location of 
the source point. The preceding equation corresponds to the 
k th independent species. Writing similar equations for all the 
N species, that is, for k = 1 to N ,  we obtain the vector form 
of the integral formulation: 

where Q is the normal derivative of d and can be easily 
determined once 6 is known, and d, is the matrix containing 
the geometry-dependent coefficients (Brebbia and 
Dominguez, 1989). Equation 18 is the integral formulation 
for multiple reactions and is a generalization of Eq. 7 that is 
applicable for single reactions. The integral equation (Eq. 18) 
is discretized in a similar manner to the one described in the 
previous subsection and the boundary unknowns for all the 
independent species are solved simultaneously. The next sec- 
tion discusses the mathematical procedure to calculate the 
matrix of fundamental solutions, 6. 

Matrix of Fundamental Solutions 
Derivation 

The crucial step in the pevious analysis is to evaluate the 
individual entries of the G matrix. For that purpose let us 
consider the individual rows of the d matrix. As mentioned 
in the subsection on multiple reactions, the fundamental solu- 
tion vector Gk can be obtained by solving Eq. 15. But the 
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solution is not simple because of the coupling effect of the 
K T  matrix. In order to decouple this system of partial differ- 
ential equations we use a matrix transformation technique 
and finally obtain a closed-form analytical expression for Gk. 
The transformation used is of the form, 

where f. is the modal matrix cbtained by arranging the inde- 
pendent eigenvectors of the K' matrix, columnwise, and Y k  
is the new dependent vector variable in the ensuing decou- 
pled system of differential equations. 

The eigenvectors of the K' matrix ideally provide an or- 
thogonal basis in the composition space and therefore en- 
ables us to decouple the complex network. Wei and Prater's 
(1962) discussion on this subject is extensive and is a classic 
reference on the mathematical analysis of a network of linear 
reactions. Substituting for Gk from Eq. 19 into Eq. 15, we get 

Premultiplying Eq. 20 by the inverse of the modal matrix, 
k'. we obtain 

By using the concept of similarity transformation, the brack- 
eted term on the LHS of this equation reduces to a diagonal 
matrix containing the eigenvalues along the diagonal, thereby 
decoupling the linear network. The mth component, (Y,),, 
of this vector equation for Yk is therefore given by 

where A,, is the eigenvalue or the spectrum of the mth com- 
ponent; and L;; is the element corresponding to the rnth 
row and kth column of the L- '  matrix. The partial differen- 
tial equation (Eq. 22) is analogous to Eq. 5 for a single reac- 
tion. Therefore the corresponding solution for the scalar 
component (YkIm is given in the form of modified Bessel 
function of the second kind and order zero: 

(23) 

In the RHS of Eq. 23, the coefficient of the Bessel function, 
L;;, acts as a scaling parameter in the spectral space corre- 
sponding to the interaction between the mth and the kth 
species. We obtain the individual elements of the matrix of 
fundamental solutions, (Gk)[,  by substituting (YkIm in Eq. 19: 

The mathematical procedure discussed in this subsection is 
applicable for the case when all the eigenvalues are distinct. 
It can be shown that, the eigenvalues of K T  matrix is always 
greater than or equal to zero and the corresponding eigen- 
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vectors are linearly independent (Wei and Prater, 1962). 
Modification of the preceding analysis is necessary in two cir- 
cumstances: (1) zero eigenvalue, and (2) multiplicity of eigen- 
values. For the case of zero eigenvalue, the Bessel function 
kernel reduces to a logarithmic kernel in the limiting case. 
For the case of the multiplicity of eigenvalues, a small pertur- 
bation to the eigenvalues guarantees a feasible solution. 

The developed algorithm is general in nature and can be 
applied to any network of linear diffusion reaction systems. 
The network can include both reversible and irreversible re- 
actions. Although the computational implementation in the 
present work has been restricted to 2-D problems, similar 
analysis can be extended to 3-D problems. For the single-re- 
action case, the fundamental solution for the diffusion reac- 
tion operator in 3-D takes the form, 

1 
47rr 

G,, = - exp(- m , r ) .  

The fundamental solution G,, is the 3-D analog of G in Eq. 
6. Using this fundamental solution, the 3-D matrix of funda- 
mental solutions, G,,, can be derived and the diffusion reac- 
tion problem can be solved by discretizing the surface alone. 
Thus the BEM provides an elegant mathematical framework 
to solve a network of linear diffusion reactions very effec- 
tively. The next subsection provides an example to obtain the 
d matrix for a series reaction network. 

Note that the vector equation (Eq. 9) can be diagonalized 
directly by using a transformation similar to the one used for 
the Green's function. However, when Robin-type boundary 
conditions are imposed, the boundary conditions do not get 
decoupled. Hence the solution procedure using direct diago- 
nalization is not general and restricted to problems with 
Dirichlet-type boundary conditions. In contrast, by using the 
matrix of fundamental solutions as developed here, the con- 
centration variables and the boundary conditions are un- 
touched and hence the implementation becomes general. 

Example 
To illustrate the theoretical development discussed in the 

preceding subsection, we consider the series irreversible re- 
action, 

m: rn: 
A-B-C 

Since the reactions are irreversible, the rate of reaction of A 
is essentially independent of the concentration of B. But the 
rate of reaction of B depends on the concentration of A as 
well as B. Thus the governing differential equation in vector 
form is 

where m: and rnz are the "composite" rate parameters cor- 
responding to the first and the second reactions, respectively. 
The eigenvalues of the K T  matrix are rn: and m: and 
the corresponding eigenvectors are (1, 0) and [ - m:/(rn: - 
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m;), 11. Therefore the modal matrix L and its inverse i-’ 
are given by 

After i and L-’ are computed, the substitution of their in- 
dividual elements in Eq. 24 results in the mat& offundamen- 
tal solution, 

(29) 

The preceding example shows that it is fairly straightfonvard 
to obtain the matrix of fundamental solutions for any given 
general linear network. 

Results and Discussion 
In this section we illustrate the usefulness of the technique 

developed in the previous section, as a design tool by consid- 
ering a few numerical examples. In the two following subsec- 
tions, we study the effect of catalyst geometry and nonuni- 
form boundary conditions, respectively, on the yield of inter- 
mediate products in complex reaction networks. 

Effect of catalyst shape 
Several catalyst shapes like trilobes, quadrulobes, wagon 

wheels, and the like, are being used in the industry (Cooper 
et al., 1986; Sie, 1993) for a variety of chemical processes to 
improve the diffusional characteristics of the catalyst. Con- 
trol of yield to a desired (undesired) product by altering the 
catalyst shape is known as catalyst tailoring and is increas- 
ingly being practiced in the industry. For tailoring the cata- 
lyst morphology efficiently, the numerical technique devel- 
oped here is particularly useful. In this subsection we demon- 
strate the use of this technique to solve a complex linear re- 
action network (Figure 1) in some regular and nonregular 
catalyst shapes. The “composite” rate constants are chosen 
arbitrarily to illustrate the utility of the procedure. The gov- 
erning differential equations for each independent species for 
the parameters in Figure 1 are given as 

A-- 16 
-B- 3 

- C  

! 
i 
G 

Figure 1. Reaction network 1. 

Four catalyst shapes (three simply connected domains and 
one multiply connected domain) are selected to solve the net- 
work of linear diffusion reactions. In all the shapes shown in 
Figure 2 the characteristic length parameter, L,  defined as 
the ratio of surface area to the perimeter of the particle 
[analogous to Aris’s (1957) definition] is kept constant and a 
value of 0.25 is taken in this example. Depending on the loca- 
tion of the interpolating nodes, there are two ways of dis- 
cretizing the boundary of the catalyst: (1) conforming ele- 
ments where interpolating nodes are placed at the element 
end points, and (2) non-conforming elements where all the 
interpolating nodes are placed within the element. The dif- 
ference between conforming and non-conforming elements is 
shown pictorially in Figure 3. In nonconforming elements the 
interpolating nodes are chosen to be the roots of the Legen- 

I 

- 1.0 4 

Slab - 
Circle 

n 

Trilobe 

Trilobe with rings 

Figure 2. Different catalyst shapes examined in this 
study. 

AIChE Journal February 1996 Vol. 42, No. 2 387 



Nodes 

Conforming Element 

Nodes 

Non-Conforming Element 
Figure 3. Node placement in conforming and noncon- 

forming element discretization in BEM. 

dre polynomial; in other words, they are located at the 
Gaussian quadrature points. Further details about the non- 
conforming elements and the procedure for node placement 
and error estimation can be found in Karur and Ramachan- 
dran (1995). The principal advantage in using nonconforming 
elements is that the singularities (arising due to geometry and 
boundary conditions) can be easily handled. In this work the 
boundary is discretized by nonconforming cubic elements. 
Throughout the perimeter of the catalyst, Dirichlet condi- 
tions are prescribed, that is, concentration of species A ,  B,  
D ,  and F are specified. Here cA = 1 and cB = cD = cF = 0 are 
used. The CPU time to execute the algorithm with 200 deg of 
freedom in an IBM Power Station 360 is approximately 15 s. 

Yield of a product is defined as the ratio of the amount of 
that product exiting the catalyst to the amount of A entering 
the catalyst particle. Table 1 shows the values of the yield for 
each of the four catalyst shapes. The results indicate that for 
singly connected domains (slab, circle, and trilobe), there is 

Table 1. Yield of Intermediates for Different Catalyst Shapes 

Catalyst B D F 
Slab 0.8267 0.0944 0.0083 
Circle 0.8370 0.0914 0.0070 
Trilobe 0.8275 0.0990 0.0070 
Trilobe with rings 0.8482 0.0800 0.0067 

no substantial difference in yields for the given set of rate 
parameters. However, when a multiply connected domain is 
considered, the results are different. The last row in Table 1 
shows that in the trilobe catalyst with rings, the yield of D 
decreases by 20% with respect to the regular trilobe catalyst. 
If D is a by-product that has to be minimized in the produc- 
tion unit, then the use of the trilobe catalyst with rings is a 
better choice. Moreover due to larger particle size, the use of 
this catalyst in packed-bed reactors would reduce the pres- 
sure drop considerably (Cooper et al., 1986). Similar studies 
can be performed to evaluate several catalyst shapes in order 
to achieve the desired yield of a particular product. Although 
the reaction scheme considered here is arbitrary, the compu- 
tational procedure can be used advantageously in realistic ki- 
netics. High accuracy, ease of mesh generation, and the 
“boundary only” discretization makes this method a valuable 
tool to perform a systematic study of catalyst shapes. 

Effect of nonuniform boundary conditions 
The boundary element technique is versatile in handling 

problems with nonuniform boundary conditions. One such 
case occurs in a trickle-bed reactor when the external surface 
of the catalyst is only partly covered by the flowing liquid 
(rivulet). This phenomenon is called the partial wetting effect 
and has been the subject of active research for over a decade 
(Ramachandran and Smith, 1979; Mills and Dudukovii, 1979; 
Yentekakis and Vyenas, 1987; Funk et al., 1988; Harold, 1993, 
among others). Partial wetting Ieads to particle scale nonuni- 
formitics that have an important bearing on the reactor per- 
formance. The computational methodology developed in this 
work can be used to evaluate the prediction of single- and 
multiple-rivulet models for trickle-bed reactors and to study 
the parametric sensitivity to particle scale nonuniformities. 
We demonstrate the use of the developed algorithm by exam- 
ining the effect of different wetting configurations on the 
yield of intermediates for the same degree of external wet- 
ting in a square catalyst pellet. For 50% external wetting, 
four different configurations are considered (Figure 4). 
Dirichlet and Neumann boundary conditions are prescribed 
on the wetted and-nonwetted regions, respectively. 

A more general reaction network as shown in Figure 5 is 
chosen to demonstrate the capability of the technique to han- 
dle complex networks. Many reaction schemes of industrial 
relevance can be modeled using a truncated version of this 
reaction network. For the parameters shown in Figure 5 the 
governing partial differential equations are given by 

Again, cubic nonconforming elements are used to dis- 
cretize the boundary of the catalyst particle. The discretiza- 
tion for each configuration is different because more ele- 
ments need to be placed near the Dirichlet-Neumann singu- 
larity (Karur and Ramachandran, 1995). From Table 2, we 
observe that the yield of intermediates change with different 
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Configuration 1 Configuration 2 
D " 

L 

0.0 
A 0.0 0.25 0.75 1.0 

Configuration 3 Configuration 4 

Non-Wetted Region [J Wetted Region 

Figure 4. Four different wetting configurations for the 
same wetting efficiency in a slab catalyst par- 
ticle. 

wetting configurations, the maximum difference being 13% 
between configurations 3 and 4 for component C. However, 
these results are specific to the chosen set of kinetic parame- 
ters. 

Similar studies can be performed for several truncated 
schemes of Figure 5. For example, let us consider a simple 
series reaction subscheme from the reaction network 2: 

Table 2. Yield of Intermediates for Different Wetting Config- 
urations 

Configuration B C D 
1 0.445 0.177 0.234 
2 0.462 0.163 0.229 
3 0.464 0.161 0.228 
4 0.454 0.182 0.241 

study the effect of the parameter rn2 on the yield of B for a 
constant rn, ( = 1). Figure 6 is a logarithmic plot of yield of B 
vs. the parameter rn2. For large values of m2, there is practi- 
cally no effect of wetting configuration on the yield of B. But 
for small values of rn2, the difference in yield of B between 
wetting configurations 3 and 4 is as high as 22%. In view of 
this large difference, it becomes important to incorporate the 
effects of wetting configurations in designing heterogeneous 
reactors and BEM provides a quantitative tool for such stud- 
ies. Since it is difficult to estimate the wetting pattern inside 
a reactor a priori the numerical results are usually matched 
with the experimental data to deduce the wetting pattern in- 
directly. 

For the four wetting configurations shown in Figure 4, we 

1 

Summary and Closure 
The boundary element method is extended to analyze a 

network of linear diffusion reactions in two dimensions, and 
a systematic procedure is provided to calculate the key design 
parameters. The usefulness of the method to study the effect 
of catalyst geometry and nonuniform boundary conditions on 
the yield of intermediate products is demonstrated. The sim- 
ulation results also indicate the possibility of altering the cat- 
alyst shape to enhance (decrease) the yield of a desired (un- 
desired) product. Using the computational method discussed 
in this article, a rapid assessment of various catalyst shapes 

___ 

1 
I \ 

Figure 5. Reaction network 2. 

0.2 

a 0.1 

0 conf 1 
A conf 2 

= 
* 0 
.d 

0.02 1 : i""" . . , . . ,  , . , , . . . L  

0.01 
1 2  10 20 100 

m2 

Figure 6. Effect of the parameter m2 on the yield of B 
for the series reaction network given by Eq. 
38. 
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can be made for a preliminary screening. The procedure is 
very general in nature and can be easily extended to 3-D 
problems by using the corresponding 3-D fundamental solu- 
tion to the diffusion reaction operator and discretizing the 
surface of the particle. One application area is in the 
petroleum processing industry where multiple reactions are 
often encountered in non-regular catalyst geometries, often 
with nonuniform boundary conditions. For such problems, the 
computational methodology can be used to assess the diffu- 
sional effects and to arrive at an improved reactor design. 

Notation 
n =direction of outward normal 
p =normal concentration gradient vector 

rt =constant = 3.141529 
x ,  y =spatial coordinates 

Subscripts 

k, m, 1 =species indices 
i =source point 
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