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Design for Single Reactions 

There are many ways of processing a fluid:  

• Single batch or flow reactor.  

• Chain of reactors possibly with inter stage feed injection 

or heating.  

• Reactor with recycle of the product stream using various 

feed ratios and conditions. 

• Which scheme should we use? Unfortunately, numerous 

factors may have to be considered in answering this 

question 

• In this chapter we deal with single reactions. 



SIZE COMPARISON OF SINGLE REACTORS  
Batch Reactor 

 • Advantage of small instrumentation cost and 
flexibility of operation (may be shut down easily 
and quickly).  

• It has the disadvantage of high labor and handling 
cost, often considerable shutdown time to empty, 
clean out, and refill, and poorer quality control of 
the product. 

• Batch reactor is well suited to produce small 
amounts of material and to produce many 
different  products from one piece of equipment. 

• It is easy to relate the performance capabilities of 
the batch reactor with the plug flow reactor. 



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

• comparison for the large class of reactions approximated 

by the simple nth-order rate law 

 

 

 

 



Comparison for nth-order rate law 



Comparison of the performance of plug flow 

with mixed flow reactors 



Comparison of the performance of plug 
flow with mixed flow reactors 

• The ordinate becomes the volume ratio Vm/Vp or space-

time ratio Ʈm/Ʈp if the same quantities of identical feed 

are used. 

• Identical feed composition CAo and flow rate FAo the 

ordinate of this figure gives directly the volume ratio 

required for any specified conversion 

1. For any particular duty and for all positive reaction 

orders the mixed reactor is always larger than the plug 

flow reactor.  

The ratio of volumes increases with reaction order. 



2. When conversion is small, the reactor performance is only 

slightly affected by flow type. The performance ratio increases 

very rapidly at high  

3. Density variation during reaction affects design; however, it is 

normally of secondary importance compared to the difference in 

flow type.  

4. In plug flow, the concentration of reactant decreases  

     progressively through the system; 

5. In mixed flow, the concentration drops immediately to a low     

     value. 

6. Plug flow reactor is more efficient than a mixed flow reactor for     

     reactions whose rates increase with reactant concentration,    

     such as nth-order irreversible reactions, n > 0. 



Comparison of performance of mixed flow and 

plug flow reactors for any reaction kinetics 

• The ratio of shaded and of hatched areas gives the 

ratio of space-times needed in these two reactors. 

Includes all nth-order 

reactions, n > 0 

• Mixed flow always needs a larger volume than does 

plug flow for any given duty. 



Plug Flow Reactors in Series and/or in Parallel 
N plug flow reactors connected in series, and let X1, X2, . . . , Xn be 
fractional conversion of component A leaving reactor 1, 2, . . . , 
N. 

 

MULTIPLE-REACTOR SYSTEMS 

Hence, N plug flow reactors in series with a total volume V 

gives the same conversion as a single plug flow reactor of 

volume V 





Equal-Size Mixed Flow Reactors in Series 



First-Order Reactions 
Material balance for component A about vessel i 

 

 

For ε = 0 

 

Space-time  (or mean residence time t) is the same in all the equal 
size reactors of volume Vi.  

Therefore  

Total  for N reactor   

 

 

For N ꝏ, this equation reduces 

 to the plug flow equation  

 



Comparison of series of N equal-size mixed flow with 

plug flow reactor (first-order reaction) 



Second-Order Reactions 

• N reactors in series we find 

 

 

• Whereas for plug flow 

 





(a) Find the conversion for the same 
treatment rate.  
For the single reactor at 
90% conversion we have  kCo = 90. 
 
For the two reactors the space-time or 
holding time is doubled;  kCo  = 180 
 
Staying on the 90% conversion line, we 
find for N = 2 that kCo  = 27.5 
 
 
 



• Comparing the value of the reaction rate group for N = 1 and 
N = 2, we 

 

 

 



Mixed Flow Reactors of Different Sizes 

 in Series 

Two types of questions may be asked:  

• how to find the outlet conversion from a given reactor 

system,  

• Inverse question, how to find the best setup to achieve a 

given conversion. 

Finding the Conversion in a Given System 

considering three mixed flow reactors in series with volumes, 
feed rates, concentrations, space-times, volumetric flow rates 

• space-times equal to residence times because   ε = O 



Notation for a series of unequal-size mixed 

flow reactors 

Volumetric flow rates is same at steady state  

M(r1, C1) 

L(r0, Co) 



Determining the Best System (Given Conversion) 



Maximization of Rectangles 

construct a rectangle between the x-y axes and touching the 

arbitrary curve at point M(x, y). The area of the rectangle is the 

 This area is maximized when 
 

Depending on the shape of the curve: 
There may be more than one or there may be No  "best" point.  
However, for nth-order kinetics, n > 0, there always is just one "best" point 



Optimum size ratio of the two reactors 

Slope of the rate curve at M equals the diagonal NL.  

This determines the intermediate conversion X1 as well as the 
size of units needed. 

The optimum size ratio dependent on the 
kinetics  of the reaction and on the conversion 
level 
 
n=1      Reactions equal-size reactors are best 
n > 1  smaller reactor should come first 
n < 1  Larger should come first 



Reactors of Different Types in Series 

Performance equation the three reactors 

Guidelines for order of reactors 

nth-order reaction,  
 

n > 0   Reactors should be connected in 

 series 

 

n > I  Keep the concentration of reactant as     

high as possible  

 

n < 1  As low as possible if the curve is 

convex 

 

 



RECYCLE REACTOR 

Advantageous to divide the product stream from a plug flow 

reactor and return a portion of it to the entrance of the 

reactor. 

Let the recycle ratio R 

 

 

• Recycle ratio is raised the behavior shifts from  

 plug flow (R = 0) to mixed flow (R = ꝏ).  



RECYCLE REACTOR 
Where FAo would be the feed rate of A if the stream entering the 
reactor (fresh feed plus recycle) were unconverted 

 









RECYCLE REACTOR 
• Performance equation for recycle reactors,  

 good for any kinetics, any   value and for XA = 0 

 



The approach to these extremes 

Integration of the recycle equation gives, for first-order reaction, ε = 0, 
 
 
and for second-order reaction, 2A  products, -rA = kCA

2,   ε = 0 
 



first-order reactions 



Comparison of performance of recycle and plug flow 
for first-order reactions 



Comparison of performance of recycle reactors 

with plug flow reactors (second-order reactions) 



AUTOCATALYTIC REACTIONS 

 

• Reactions with such rate-concentration curves lead to 

interesting optimization problems 

• 1/(-rA) versus XA curves with their characteristic minima 



Plug Flow Vs Mixed Flow Reactor 
(No Recycle) 

Which reactor is superior for a given job 

  (which requires a smaller volume) 

1. At low conversion the mixed reactor is superior to the 

 plug flow reactor. 

2. At high enough conversions the plug flow reactor is 

 superior. 

• we should note that a plug flow reactor will not operate at 

all with a feed of pure reactant.  

• In such a situation the feed must be continually primed 

with product, an ideal opportunity for using a recycle 

reactor. 





• When material is to be processed to some fixed final 

conversion XAf in a recycle reactor.  

• A particular recycle ratio which is optimum in that it minimizes 

the reactor volume or space-time. 
• The optimum recycle ratio is found by differentiating with 

respect to R and setting to zero. 

 

 

• From the theorems of calculus, if 

 

 

Optimum Recycle Operations 









In words, the optimum recycle ratio introduces to the reactor a feed whose 

1/(-rA) value (KL) equals the average ll(-rA) value in the reactor 

as a whole (PQ in Fig. 6.20). 



Occurrence of Autocatalytic Reactions. 

• The most important examples of autocatalytic reactions are 

the broad class of fermentation reactions which result from 

the reaction of microorganism on an organic feed. 

•  Another type of reaction which has autocatalytic behavior is 

the exothermic reaction (say, the combustion of fuel gas) 

• Autothermal, heat may be considered to be the product which 
sustains the reaction. 

Reactor Combinations 

• For autocatalytic reactions all sorts of reactor arrangements are to 
be considered 

• if product recycle or product separation with recycle is allowable 

• one should always try to reach point M in one step 

  (using mixed flow in a single reactor) 

• Then follow with plug flow or as close to plug flow as possible. 



When separation and reuse of unconverted reactant is possible,  

operate at point M 



FINDING THE BEST REACTOR SETUP 

• At a given enzyme concentration CE tests in a laboratory 

mixed flow reactor give the following results: 

Solution 



CA1=  

R= 
𝐶𝐴0 −𝐶𝐴1

𝐶𝐴1−  𝐶𝐴𝑓
 

From graph 



 

 

 
Part (b) Solution.  

• Drawing slopes and diagonals according to the method of maximization of 

rectangles 

 



Part (c) Solution. 
  Following the reasoning in this chapter we should use a mixed 
  flow reactor followed by a plug flow reactor. 

























 


