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Chemical reaction engineering (CRE) is fun to 
teach, not only because it has extremely in­
teresting subject matter and is one of the 

few courses that set s chemical engineering apart 
from other engineering disciplines, but also because 
it has a very logical structure. The six basic pillars 
that hold up what could be called the "Temple of 
Chemical Reaction Engineering" are shown in Fig­
ure 1.111 The four on the left are usually covered in 
the majority of undergraduate reaction engineering 
courses.121 But diffusion effects, which include mass 
transfer limited reactions, effectiveness factors , and 
the shrinking core model, are covered in only a small 
number of courses. Contacting, which includes reac­
tor characterization (e.g., residence time distribu­
tion) and modeling non-ideal reactors, is normally 
left to graduate-level courses. 

The pillar structure shown in the figure allows 
one to develop a few basic concepts and then to 
arrange the parameters (equations) associated with 
each concept in a variety of ways. Without such a 
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from a multitude of dishes in order to end up with a 
satisfying, well-balanced meal that fits together. In 
CRE, consider the number of equations that arise in 
calculating the conversion in CSTRs, batch, plug 
flow, and semi batch reactor-for zero, first, second, 
and third order reactions-for both liquid and gas 
phase systems-with and without pressure drop. The 
number of equations (dishes) from all the above pos­
sible combinations which we must choose (memo­
rize) is then 4 x 4 x 3 = 48. If we also consider 
catalyst decay with either first, second, or third or­
der decay laws, the number of dishes increases to 
192. IfLangmuir-Hinshelwood kinetics are included, 
the number of equations, or dishes (i .e., equations in 
isothermal reactor design) increases to well over 
1,000. Finally, if we add non-isothermal effects, the 

number of dishes in­structure, one is 
faced with the possi­
bility of choosing, or 
perhaps memorizing, 
the correct equation 
from a multitude of 
equations that can 
arise for a variety of 
different reactions, 
reactors, and sets of 
conditions. We draw 
a loose analogy with 
dining at a Swedish 
smorgasbord where it 
is difficult to choose 

MULTIPLE REACTIONS creases to such an ex­
tent that choosing the 
right dish, or dishes, 
becomes a task of un­
believable gastronomi­
cal proportions. The 
challenge is to put ev­
erything in an orderly 
and logical fashion so 
that we can proceed to 
arrive at the correct 
equation (dishes that fit 
together) for a given 
situation. 
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Figure 1. Pillars of the Temple of Chemical Reaction Engineering. 
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------------------------ KNOWLEDGE STRUCTURE 
Fortunately, by structuring CRE using an 

algorithm analogous to a fixed-price menu in 
a fine French restaurant, we can eliminate 
virtually all memorization (see Figures 2 and 
4) and proceed in a logical manner to de­
velop the reaction engineering equation nec­
essary to describe the given situation. The 
lower price (220 FF) menu corresponds to 
isothermal reactor design, while the higher 
price menu (280 FF) corresponds to non-iso­
thermal design. 

Here we start by choosing one dish from 
the appetizers listed. The analog is to choose 
the mole balance from one of four reactor 
types shown. Next, we choose our main course 
from one of four entrees: the main course 
analog in CRE is to choose the appropriate 
rate law. Continuing with our meal, we 
choose cheese or dessert; the analogy in CRE 
is stating whether the reaction is liquid or 
gas phase in order to use the appropriate 
equation for concentration. 

The main difference between CRE and 
ordering and eating a fine French meal as 
we have just done is that in CRE we com­
bine everything together at the end; such 
a mixing of the courses on a single plate 
before eating a wonderful French meal would 
be a disaster! The application of this struc­
ture to a first order gas phase reaction car-
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Figure 2. French Menu I: Isothermal reactor design 
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ried out in a PFR (with a change in the total number of 
moles) is shown in Figure 3. As an example, we will follow 
the dark lines as we proceed through our algorithm. The 
dashed lines represent possible pathways for other situa­
tions. Here we choose 

1. the mole balance on species A for PFR, 
2. the rate law for an irreversible first order reaction, 
3. the equation for the concentration of A in the gas phase, and 

then 
4. combine to evaluate the volume necessary to achieve a given 

conversion or the conversion that can be achieved in a 
specified reaction volume. 

For the case of isothermal operation with no pressure drop, 
we were able to obtain an analytical solution. In the majority 
of situations, however, analytical solutions of the resulting 
ordinary differential equations appearing in the combine 
step are not possible. Consequently, we include POLY-MATHl3J 

in our menu. POLYMATH is analogous to vin blanc ou rouge 
in that it makes obtaining solutions to the differential equa­
tions much more palatable. 
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Figure 3. Algorithm for ISOTHERMAL reactors 
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HEAT EFFECTS 

Studying non-isothermal reactor design is analo­
gous to ordering from a more expensive (280 FF) 
French menu (see Figure 4) in which we have an 
extra category from which to make a selection. In 
CRE this corresponds to choosing which form of the 
energy balance to use (e.g., PFR, CSTR) and which 
terms to eliminate (e.g., Q=O for adiabatic opera­
tion). The structure introduced to study these reac­
tors builds on the isothermal algorithm by introduc­
ing the Arrhenius Equation, k = A e-EIRT in the rate 
law step, which results in one equation with two 
unknowns, X and T, when we finish with the com­
bine step. The students realize the necessity of per­
forming an energy balance on the reactor to obtain a 
second equation relating X and T. For example, us­
ing again the PFR mole balance and conditions in 
Figure 3 (Eq. A), we have, for constant pressure 

dX = A e-E/RT (I - X ) (To) 
dV v0 (l + EX) T 

(A) 

An energy balance on a PFR with heat exchange 
yields the second equation we need relating our in­
dependent variables X and T 

dT [UAc(Ta -T)+(rA)(~HR)] 
dV = FAoCpA 
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Figure 4. French Menu II: Non-isothermal reactor design 
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With the emergence of extremely user-friendly 
software packages, we can now allow students to 
explore the problem much more effectively, to 
develop an intuitive feeling for the 
reactor/reaction behavior, ... 

Figure 5. Paradigm shifts in chemical engineering education. 

These simultaneous differential equations can be 
readily solved with an ODE solver, as discussed 
below. 

A PARADIGM SHIFT 

With the emergence of extremely user-friendly soft­
ware packages (see Figure 5), we can now allow 
students to explore the problem much more effec­
tively, to develop an intuitive feeling for the reac­
tor/reaction behavior, and to obtain more practice in 
creative problem solving. 

To illustrate this point, consider an exothermic 
reaction carried out in a plug flow reactor with heat 
exchange. Obtaining the temperature and concen­
tration profiles requires the solution of two coupled 
non-linear differential equations such as those given 
by Eqs. (A) and (B). In the past, it would have been 
necessary to spend a significant amount of time 
choosing an integration scheme and then writing 
and developing a computer program before any re­
sults could be obtained. Now, with the available 
software programs (especially POLYMATH), it rarely 
takes more than ten minutes to type in the equa­
tions and obtain a solution.c31 As a result, the major­
ity of the time on the exercise can be spent explor­
ing the problem through parameter variation and 
analysis of the corresponding observations. For ex­
ample, in the above exothermic reaction in a PFR 
with heat exchange, the students can vary such pa­
rameters as the ambient and entering temperatures, 
the flow rates, and the heat transfer coefficient, and 
look for conditions where the reaction will "ignite" 
and conditions for which it will "run away." By try­
ing their own different combinations and schemes, 
the students are able to carry out open-ended exer­
cises which allow them to practice their creativity 
and better understand the physical characteristics 
of the system. 
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VARIATIONS ON A THEME 

As a result of the paradigm shift in the ease of 
computation using ODE solvers, the study of a 
wide variety of chemical reaction engineering sys­
tems just becomes a variation on our main theme 
(menu?). Once the concepts of the four left-most pil­
lars are mastered, many important extensions can 
be viewed as minor variations on the four basic 
steps in our isothermal reaction design algorithm. 
Table 1 shows the basic algorithm for solving 
CRE problems (including the energy balance), along 
with the steps that need to be examined to handle 
the individual variation. 

To reinforce how many different CRE problems 
are minor extensions of the basic algorithm, we shall 
discuss three in greater detail below. 

Pressure Drop 

If pressure drop is not accounted for in gas phase 
reactions, significant under-design of the reactor size 
can result. This variation is handled in the stoichi­
ometry step, where concentration is expressed as a 
function of conversion, temperature, and total pres­
sure. The change in total pressure is given by the 
Ergun equation[1l 

MOLE BALANCE 

•--- ---

•------

RATE LAW 

Variations 

Reactive Distillation 

Membrane Reactors 

•----- - Catalyst Decay 

•--- - - - Catalysis/CVD 

STOICHIOMETRY 

•----- -
•------

•------

COMBINE 

ENERGY BALANCE 

ADIABATIC 

NON ADIABATIC 

•- - ----

PARAMETER 
EVALUATION 

ODE SOLVER 

•------

Pressure Drop 

Multiple Reactions 

Membrane Reactors 

Multiple Steady States 

~Whatif ... ?? 

Table 1. Variations on the basic algorithm 
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dP = G(l- <j> ) [ 150(1- <j>) µ + J.75G] (C) 
dL pgcDp<l>3 DP 

This equation can be rearranged by lumping the 
constant parameters to arrive at the following equa­
tion, giving the variation of the pressure ratio (y=P/ 
P 0 ) with either reactor volume 

dy _ a 1 (1 +EX) (D) 
dV - - 2y 

or catalyst weight 

dy _ a 2 (I +EX) (E) 
dW - 2y 

Either of these equations can be coupled with the 
combined mole balance, rate law, and stoichiometry 
and solved numerically (e.g., with an ODE Solver). 
For example, for isothermal conditions, Eq. (E) would 
be coupled with Eq. (A ) adopted to an isothermal 
PBR 

dX k (l -X) 
dW v0 (1 +£X)y 

(F) 

Catalyst Decay 

For the case of separable kinetics , we simply in­
clude a catalyst decay law in the rate law step of our 
algorithm. For example, for a straight through trans­
port reactor (STTR), the rate law might be given by 

kCA 
- rA=a( t) l+KA C A 

where the catalyst activity, a(t ), is 

) - I a( t - 112 
I +~t 

(G) 

(H ) 

The algorithm for studying a catalytic reaction in a 
straight through transport reactor is shown in Fig­
ure 6. 

.-:::-;:........~ . =~~ 
STRAIGHT 1HROUGH TRANSPORT REACTOR 

MOLE BALANCE 

RATE LAW 

DECAY LAW 
1 

a(t) = 1 + ~ t1t2 . 

STOICHIOMETRY CA =CAo(l-X) 

COMBINE dX _ k (1-X) (-1-) 
dV - u (l+KACAo(l-X)) 1+~1112 

O.D.E. SOLVER 

Figure 6. Variations on a them e: Catalyst decay in a STTR 
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Membrane Reactors 

The only trick in studying membrane reactors is 
to make sure to write the equations in terms of 
molar flow rates rather than conversion, and to ac­
count for the products that are leaving the reactor 
through the sides of the membrane reactor in our 
mole balance step. Consider the reaction 

A • B +C 

taking place in a membrane reactor 

C 

A~ 

For the product that exits through the side of the 
membrane reactor, C, the mole balance and stoichi­
ometry steps are 

(I) 

(J) 

(K) 

After writing a mole balance on A and B, the result­
ing set of non-linear ODEs is solved numerically. A 
sample POLYMATH solution is 
shown in Figure 7. 

adsorption, surface reaction, and desorption are in­
troduced in conjunction with the idea of a rate limit­
ing step, one can derive many possible rate laws by 
varying the mechanism and rate limiting step. For 
example, consider the following dual site isomeriza­
tion mechanism 

A+ S ¢:::> A•S 
A•S + S ¢:::> B•S + S 

B•S ¢:::> B+S 

One can write the rate laws for each step in this 
mechanism and then show that if the catalytic reac­
tion (A • B) in this example is surface reaction 
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Figure 7. Composition profiles in a membrane reaction 

MULTIPLE REACTIONS 

MULTIPLE REACTIONS STOICIDOMETRY 

The steps that are varied when 
multiple reactions occur are rate 
law and stoichiometry. As with 
membrane reactors , we work in 
terms of the number of moles or 
molar flow rates of each species 
rather than concentration or con­
version. Figure 8 shows the appli­
cation of the algorithm to a sample 
reaction problem. 

MECHANISMS/ RATE 
LIMITING STEPS 

One of the primary pedagogical 
advantages of developing mecha­
nisms and rate limiting steps in 
heterogeneous catalysis is that it 
provides insight into how to ana­
lyze and plot the data in order to 
evaluate the rate law parameters. 
Most schools spend one-and-a-half 
to two weeks on heterogeneous ca­
talysis. Once the basic concepts of 
114 
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limited, a plot of the initial rate data in the form of 

(t!J 
versus P Ao should yield a straight line, as shown in 
Figure 9. By formulating different mechanisms 
and rate limiting steps, a variety of rate laws can 
be developed which provide a number of options 
on how to interpret the data and evaluate the rate 
law parameters. 

Currently, there is an added incentive to study 
mechanisms in heterogeneous catalysis because of 
the emergence of chemical vapor deposition (CVD). 
CVD is widely used in the microelectronics indus­
try, and the mechanisms for CVD are very similar 
to the mechanisms analyzed in heterogeneous ca­
talysis. By developing fundamental laws and 
principles such as those in heterogeneous catalysis, 
the students will be prepared to analyze chemical 
reaction engineering problems in engineering tech­
nologies, e.g., CVD. 

Other mechanisms and rate laws that can be eas­
ily incorporated into the original algorithm include: 

• Enzyme kinetics (e.g., the Michaelis-Menten equations) 

µC s 
- rs= I +KCs 

C 
0 
-~ 
c 
~ 
C 
0 
() 

a:; 
() 

Cl 

.9 

0 

~ 
~-rAo 

Figure 9. Gaining insight into how to 
analyze the data . 

Time 

Figure 10. Phases of bacteria cell growth 
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• Bioreactors (e.g., the Monod equation for bacteria 
growth; see Figure 10) 

- µCs C 
rg - l + KC 8 

s 

• Pseudo Steady-State-Hypothesis 
Reaction 

A• B 
Mechanism 

A+A¢:=>A• + A 

A * • B 

-r • =0 
Anet 

k1 Ci 
- rA = l+ k2CA 

• Polymerization (long chain approximation) 

In studying these topics, rules are put forth to 
guide the student in the development of the under­
lying mechanism and of the rate law. Once the rate 
law(s) is formulated by analyzing the particular re­
action mechanism, one can then use it (them) in 
step 2 of the algorithm (menu) to study the particu­
iar system of interest. 

THINGS TO COME 
Discussion of future directions in CRE with col­

leagues at Michigan and elsewhere is the same as 
discussion on other academic issues. Where n fac­
ulty members are gathered to express an opinion on 
an issue, there will be 1.5 nopinions. But my feeling 
is that in the immediate future we will continue to 
focus on developing problems that exploit software 
packages such as POLYMATH, Maple , and 
Mathematica. We will see materials processing, en­
vironmental reaction modeling, reaction pathways 
and more applications on safety, batch processing, 
mixing, ecology (see Figure 11), and novel reactors 
(membrane batch reactors?) along with stochastic 
approaches for analyzing reacting systems. 

Finally, in the not-too-distant future I see a greater 
emphasis on predicting the reactivity of different 
species, first perhaps by using empirical means but 
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waler 

0 

evapor ati on 

. ··-· 
Figure 11. Using wetlands to degrade toxic wastes11,41 
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later on from first principles. This direction will 
lead us into what I would call molecular chemical 
reaction engineering. These and other topics not men­
tioned here may first be covered (and in some cases 
are currently covered) at the graduate level, but 
they will filter down to the undergraduate level. 
This filtering will occur much more rapidly than 
have analogous topics in the past. 

SUMMARY 
By arranging the teaching of chemical reaction 

engineering in a structure analogous to a French 
menu, we can study a multitude of reaction systems 
with very little effort. This structure is extremely 
compatible with a number of user-friendly ordinary 
differential equation (ODE) solvers. Using ODE solv­
ers such as POLYMATH, the student is able to fo­
cus on exploring reaction engineering problems 
rather than on crunching numbers. Thus, one is 
able to assign problems that are more open-ended 
and to give students practice at developing their 
own creativity. Practicing creativity is extremely 
important, not only in CRE but also in every course 
in the curriculum, if our students are to compete in 
the world arena and succeed in solving the relevant 
problems that they will be faced with in the future. 

REFERENCES 
1. Fogler, H.S., The Elements of Chemical Reaction Engineer­

ing, 2nd ed., Prentice Hall, Englewood Cliffs, NJ (1992) 
2. Eisen, E.O. , "The Teaching of Undergraduate Kinetics/Re­

actor Design," paper presented at the AIChE Annual Meet­
ing, Los Angeles, CA, November 14 (1991) 

3. Shacham, M., and M.B. Cutlip, "Applications of a Micro­
computer Computation Package in Chemical Engineering," 
Chem. Eng. Ed. , 12J), 18 (1988) 

4. Kadlec, R.H., "Hydrologic Factors in Wetland Treatment," 
Proc. Int. Conf on Constructed Wetlands, Chattanooga, TN, 
Lewis Pub., Chelsea, MI (1989) 

NOMENCLATURE 
a catalyst activity 

REVIEW: Natural Gas Engineering 
Continued from page 109 

There is a discussion of the compressibility of natu­
ral gases with an explanation of the various correla­
tions that have been used, including the effects of 
nitrogen, carbon dioxide, and hydrogen sulfide. There 
are a few examples that show how to use these 
particular charts. 

Chapter 5 • Gas Hydrates and Their Prevention. 
The formation of hydrates is an important issue 
associated with the production of natural gas, espe­
cially in colder circumstances. The discussion is quite 
complete. 
116 

A frequency factor, appropriate units 
A cross sectional area, m2 

d concentration of species i (i = A,B,C,D), mol/dm3 

cp; heat capacity of species i, J /g/K 
Dr particle diameter, m 
E activation energy, J /mol 
F. entering molar flow rate of species i, mol/s 
G superficial gas velocity g/m2/s 
g, conversion factor 
k specific reaction rate (constant), appropriate units 

K equilibrium constant, appropriate units 
L length down the reactor, m 

N. number of moles of species i, mol 
P pressure, kPa 
r ; rate of formation of species i per unit volume, 

mol/s/dm3 

r '; rate of formation of species i per unit mass of 
catalyst, mol/s/g 

t time, s 
T temperature, K 
U overall heat transfer coefficient, J /dm3-sK 
V volume, dm3 

W catalyst weight, g 
X conversion 
y pressure drop parameter, (PIP ) 

mole fraction of A 
0 

YA 
Subscripts 

A refers to species A 
0 entering or initial condition 

Greek 

a pressure drop parameter, g·1 

~ catalyst decay parameter, s·112 

~ heat ofreaction, J /mole A 
o change in the total number of moles per mole of A 

reacted 
£ volume change parameter = y AOo 

<1> porosity 
µ viscosity, cp 
p density, g/dm3 

v volumetric flow rate, dm3/s 
D 

Chapter 6 • Applications of Flow Equations: Pres­
sure Drop, Compression, Metering. The material in 
this chapter is relatively standard on fluid flow. 
However, the emphasis is on problems of natural 
gas flow and two-phase flow. The problems associ­
ated with calculating vertical and horizontal flow 
are useful-especially the hints on how to calculate 
flow in such systems. 

Chapter 7 • Drilling and Completion of Wells. 
Chapter 7 is an overview containing relatively con­
cise descriptions of gas fracturing and acidizing op­
erations. The discussion of well logging is a review 
of most of the various kinds oflogs that are used. 
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