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Lecture No. 1 

Introduction: 

Reactor design uses information, knowledge, and experience from 

a variety of areas-thermodynamics, chemical kinetics, fluid mechanics, 

heat transfer, mass transfer, and economics. Chemical reaction 

engineering is the synthesis of all these factors with the aim of properly 

designing a chemical reactor. To find what a reactor is able to do we need 

to know the kinetics, the contacting pattern and the performance equation. 

We show this schematically in Fig. 1.2. 
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This is called the performance equation. Why is this important? Because 

with this expression we can compare different designs and conditions, 

find which is best, and then scale up to larger units. 

Definition of Reaction Rate: 

If the rate of change in number of moles of this component due to 

reaction is dNi/dt, then the rate of reaction in its various forms is defined 

as follows. Based on unit volume of reacting fluid, 

 
In homogeneous systems the volume of fluid in the reactor is often identical to the 

volume of reactor. In such a case V and Vr are identical and Eqs. 2 and 6 are used 

interchangeably. In heterogeneous systems all the above definitions of reaction rate 

are encountered, the definition used in any particular situation often being a matter of 

convenience. 
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Lecture No. 2:  

 

Kinetics of Homogeneous Reactions: 

Simple Reactor Types: 

Ideal reactors have three ideal flow or contacting patterns

 
 

The Rate Equation: 
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Single and Multiple Reactions: 

When a single stoichiometric equation and single rate equation are chosen to 

represent the progress of the reaction, we have a single reaction. When more 

than one stoichiometric equation is chosen to represent the observed changes, 

then more than one kinetic expression is needed to follow the changing 

composition of all the reaction components, and we have multiple reactions. 

Multiple reactions may be classified as: 

 
Here, reaction proceeds in parallel with respect to B, but in series with respect to A, R, 

and S. 

 

Elementary and Nonelementary Reactions: 

Such reactions in which the rate equation corresponds to a stoichiometric equation are 

called elementary reactions. 
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 When there is no direct correspondence between stoichiometry and rate, then we 

have nonelementary reactions. 

                   

 
 

Molecularity and Order of Reaction: 

The molecularity of an elementary reaction is the number of molecules involved in 

the reaction, and this has been found to have the values of one, two, or occasionally 

three. Note that the molecularity refers only to an elementary reaction. 

Often we find that the rate of progress of a reaction, involving, say, materials A, B, . . 

. , D, can be approximated by an expression of the following type: 

 
We call the powers to which the concentrations are raised the order of the reaction. 

Thus, the reaction is 

ath order with respect to A 

bth order with respect to B 

nth order overall 

 
 

Rate Constant k: 
When the rate expression for a homogeneous chemical reaction is written in the form 

of Eq. 4, the dimensions of the rate constant k for the nth-order reaction are 

 
which for a first-order reaction becomes simply 
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Lecture No. 3 

 
TEMPERATURE-DEPENDENT TERM OF A RATE EQUATION 

Temperature Dependency from Arrhenius' Law 

For many reactions, and particularly elementary reactions, the rate expression can be 

written as a product of a temperature-dependent term and a composition dependent 

term, or: 

                 (7) 

For such reactions the temperature-dependent term, the reaction rate constant, has 

been found in practically all cases to be well represented by Arrhenius' law: 

                                  (8) 
where k0, is called the frequency or pre-exponential factor and E is called the 

activation energy of the reaction 

At the same concentration, but at two different temperatures, Arrhenius' law indicates 

that: 

                      (9) 
The temperature dependency of reactions is determined by the activation energy and 

temperature level of the reaction, as illustrated in Fig. 2.2  

 
These findings are summarized as follows: 

1. From Arrhenius' law a plot of In k vs 1/T gives a straight line, with large slope 

for large E and small slope for small E. 

2. Reactions with high activation energies are very temperature-sensitive; 

reactions, with low activation energies are relatively temperature-insensitive. 

3. Any given reaction is much more temperature-sensitive at a low temperature 

than at a high temperature. 

4. From the Arrhenius law, the value of the frequency factor k0, does not affect 

the temperature sensitivity. 
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Interpretation of Batch Reactor Data: 
There are two procedures for analyzing kinetic data, the integral and the differential 

methods. 

 In the integral method of analysis after integration and mathematical 

manipulation, predict that the plot of a certain concentration function versus 

time should yield a straight line. The data are plotted, and if a reasonably good 

straight line is obtained, then the rate equation is said to satisfactorily fit the 

data 

 In the differential method of analysis we test the fit of the rate expression to 

the data directly and without any integration. However, since the rate 

expression is a differential equation, we must first find (l/V)(dN/dt) from the 

data before attempting the fitting procedure 

 

CONSTANT-VOLUME BATCH REACTOR: 

The constant-volume batch reactor we refer to the volume of reaction mixture, and not 

the volume of reactor. Thus, this term actually means a constant-density reaction 

system. Most liquid-phase reactions as well as all gas-phase reactions occurring in a 

constant-volume bomb fall in this class. 

In a constant-volume system the measure of reaction rate of component i becomes 



Chemical Reacior Design     – Third Year       Dr. Suha Akram 

                                 (10) 

or for ideal gases, where C = P/RT, 

                                                           (11) 

For gas reactions with changing numbers of moles, a simple way of finding the 

reaction rate is to follow the change in total pressure.𝝅 of the system. 

 
The Conversion: 

Suppose that NAo is the initial amount of A in the reactor at time t = 0, and that NA is 

the amount present at time t. Then the conversion of A in the constant volume system 

is given by: 

 

 

 

 

 

Integral Method of Analysis of Data: 
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Irreversible Bimolecular-Type Second-Order Reactions. Consider the reaction: 
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Caution 1. In the special case where reactants are introduced in their stoichiometric 

ratio, the integrated rate expression becomes indeterminate and this requires taking 

limits of quotients for evaluation. This difficulty is avoided if we go back to the 

original differential rate expression and solve it for this particular reactant ratio. Thus, 

for the second-order reaction with equal initial concentrations of A and B, or for the 

reaction. 
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Plotting the variables as shown in Fig. 3.3 provides a test for this rate expression. In 

practice we should choose reactant ratios either equal to or widely different from the 

stoichiometric ratio. 

 
Caution 2. The integrated expression depends on the stoichiometry as well as the 

kinetics. To illustrate, if the reaction: 
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Empirical Rate Equations of nth Order. When the mechanism of reaction is not 

known, we often attempt to fit the data with an nth-order rate equation of the form 

       (20)    ……(21) 

Select a value for n and calculate k. The value of n which minimizes the variation in k 

is the desired value of n. 

Zero-Order Reactions. A reaction is of zero order when the rate of reaction is 

independent of the concentration of materials; thus 

   (22)                        

(23) 

Which means that the conversion is proportional to time, as shown in Fig. 3.4. As a 

rule, reactions are of zero order only in certain concentration ranges-the higher 

concentrations. If the concentration is lowered far enough, we usually 

 
Find that the reaction becomes concentration-dependent, in which case the order rises from  
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Lecture No.4: 

 
Overall Order of Irreversible Reactions from the Half-Life t,,. Sometimes, for the 

irreversible reaction 

                   

 

 
This expression shows that a plot of log t,, vs. log CAo gives a straight line of slope 1 - 

n, as shown in Fig. 3.5. 

 

 

 

   

(24) 

(25) 

The half-life method requires making a series of runs, 

each at a different initial concentration fractional 

conversion in a given time rises with increased 

concentration for orders greater than one, drops with 

increased concentration for orders less than one, and 

is independent of initial  concentration for reactions of 

first order 
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Irreversible Reactions in Parallel. Consider the simplest case, A decomposing by 

two competing paths, both elementary reactions: 

                 

 
The k values are found using all three differential rate equations. First of all, Eq. 34, 

which is of simple first order, is integrated to give  

 

 
This result is shown in Fig. 3.6. Thus, the slope of a plot of CR versus Cs gives the 

ratio k1 / k2. Knowing k1 / k2 as well as k1+ k2gives k1and k2. Typical concentration-

time curves of the three components in a batch reactor for the case where CRo = Cso 

= 0 and k1> k2, are shown in Fig. 3.7. 
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Homogeneous Catalyzed Reactions. Suppose the reaction rate for a homogeneous 

catalyzed system is the sum of rates of both the uncatalyzed and catalyzed reactions, 
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Irreversible Reactions in Series. We first consider consecutive unimolecular type 

first-order reactions such as  
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 whose rate equations for the three components are 

  
Let us start with a concentration CA0 of A, no R or S present, and see how the 

concentrations of the components change with time. By integration of Eq. 44 we find 

the concentration of A to be 

 
To find the changing concentration of R, substitute the concentration of A from Eq. 

47 into the differential equation governing the rate of change of R, Eq. 45; thus 

  

 

 
 Applying this general procedure to the integration of Eq. 48: 

The integrating factor=𝑒𝐾2𝑡, The constant of integration= –k1CAo / (k1 – k2) from the 

initial conditions CR0 = 0 at t = 0, the final expression for the changing concentration 

of R is 

 
Noting that there is no change in total number of moles, the stoichiometry relates the 

concentrations of reacting components by 

 

which is a first-order linear 

differential equation of the form 

By multiplying through with the integrating factor 𝑒∫𝑃𝑑𝑋 the solution is 
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Figure 3.11 shows the general 

characteristics of the concentration-time 

curves for the three components; A 

decreases exponentially, R rises to a 

maximum and then falls, and S raises 

continuously, the greatest rate of increase 

of S occurring where R is a maximum. In 

particular, this figure shows that one can 

evaluate k1 and k2 by noting the 

maximum concentration of intermediate 

and the time when this maximum is 

reached.  
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Lecture No.5: 

First-Order Reversible Reactions. Though no reaction ever goes to completion, we 

can consider many reactions to be essentially irreversible because of the large value of 

the equilibrium constant.. The simplest case is the opposed unimolecular-type 

reaction: 
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VARYING-VOLUME BATCH REACTOR 

These reactors are much more complex than the simple constant-volume batch 

reactor. Their main use would be in the microprocessing field where a capillary tube 

with a movable bead would represent the reactor (see Fig. 3.20). The progress of the 

reaction is followed by noting the movement of the bead with time, a much simpler 

procedure than trying to measure the composition of the mixture, especially for 

microreactors. Thus,  
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Lecture No.6 

Introduction to Reactor Design: 

In reactor design, we want to know what size and type of reactor and method of 

operation are best for a given job. Equipment in which homogeneous reactions are 

effected can be one of three general types; the batch, the steady-state flow, and the 

unsteady-state flow or semibatch reactor The last classification includes all reactors 

that do not fall into the first two categories. These types are shown in Fig. 4.1. 
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and the preceding expressions simplify greatly. 
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1. Ideal Reactors for a Single Reaction: 

 

A. IDEAL BATCH REACTOR: 

Make a material balance for any component A 
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In one form or another, Eqs. 2 to 5 they are applicable to both isothermal and 

nonisothermal  

operations. 

  

Space-Time and Space-Velocity 



Chemical Reacior Design     – Third Year       Dr. Suha Akram 

 

 

If they are of the stream entering the reactor, the relation between s and τ and the 

other pertinent variables is   
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Lecture No. 7 

B STEADY-STATE MIXED FLOW REACTOR: 
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, ,  
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Lecture No. 8 

C STEADY-STATE PLUG FLOW REACTOR: 
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, Thus; 
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To do this, insert the kinetic expression for rA in Eq. 17 and integrate. Some of the 

simpler integrated forms for plug flow are as follows: 
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Lecture No.9 

 

  
With 
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Holding Time and Space Time for Flow Reactors 
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Lecture No. 10 

SIZE COMPARISON OF SINGLE REACTORS 

Mixed Versus Plug Flow Reactors, First- and Second-Order 

Reactions: 

The ratio of sizes of mixed and plug flow reactors will depend on the extent of 

reaction, the stoichiometry, and the form of the rate equation. 

For the general case ,a comparison of Eqs. 5.11 and 5.17 will give this size ratio. Let 

us make this comparison for the large class of reactions approximated by the simple 

nth-order rate law 
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Variation of Reactant Ratio for Second-Order Reactions 
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6.2 MULTIPLE-REACTOR SYSTEMS 

Plug Flow Reactors in Series and/or in Parallel 
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Equal-Size Mixed Flow Reactors in Series: 

 

 

 

 

 

  

Or 
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Second-Order Reactions. : the performance of a series of mixed flow reactors for a 

second-order, bimolecular-type reaction, no excess of either reactant, by a procedure 

similar to that of a first-order reaction 
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Lecture No. 11 
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Mixed Flow Reactors of Different Sizes in Series: 

For arbitrary kinetics in mixed flow reactors of different size, two types of 

questions may be asked: 

A. how to find the outlet conversion from a given reactor system,  

B. how to find the best setup to achieve a given conversion 

Different procedures are used for these two problems 

  
or 
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Autocatalytic Reactions: 
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