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PREFACF4
Chemical reaction engineering (C.R.E.) deals with that ac-

tivities of engineering where something new is produced from old
materials. Designing of a reactor and understanding fully in depth
of reactions need more emphasis in reaction engineering.

Generally those working in industries have number of ques-
tions  such  as  how  to  attack a  particular problem  dealing with
chemical reactions, how best to get optimum products and how to
optimize the variables for best required design. The book aims at
givingthemsomecluetofindoutthesolutionsoftheaboveproblems
in fastest and easiest way. The above questions can be answered if
qualitative analysis, simplest design techniques, comparison bet-
ween reactors on quantitative and qualitative basis are taken up.,
Readers must develop a feel for the subject as well as intuitive sense
to understand inside the problem.

Although number of becks in the subjects are available but
non deals with the basic need of budding engineers. All these books
talk hick with quality and standard and deal with complicated
problems to tackle. Attempts have been made to describe the theory
in  simple  mathematical manner with the  help of explanations
wherever required. Most of the equations have been derived from
the first principle and complicated part have been simplified.

It is author's feeling that the book should serve as intl.uilui.-
torybookforstudents,guidelinesforteacherandahelpfordesigner
and/or practicing engineers.

Many  solved  problems  from  industrial  environment  have
been added. Few challenging problems will serve as brain-storming
sessions for students.

•CRE can easily be divided in two sections. First section can
take care of fundamental approach to homogeneous reactions while
other to hetrogeneous reactior.s. It is necessary to cover first part in
one  semester  (pre  final  year)  and  remaining  part  in  another
semester (final year). Maturity of the students and basic knowledge
of other subjects may help students to understand the se,cond part
better.



Chapter2dealswithinitialunderstandingandbasicconcept
of homogeneous reactions and its application in industrial sector.
Chapter 3 emphasis on batch reactors. Chapter 4 and 5 deal with
design concepts and reactor design respectively. Chapter 6 takes
care of energy and pressure effects on chemical reactions. Chapter 7
behaviour of non-ideal reactor and chapter-8 fluid mixing.

Part 11, Hetrogeneous Reactions begins with the basics of the
subject.Chapter2coverscatalysisanditsrateinareactor.Chapters
3to5coversmultiphasereactionsdealingfluid-solid,fluid-fluidand
solid-solidreactions.CatalystsandTransportprocessesarecovered
inChapter6and7respectively.Chapter8dealswithreactordesign
for hetrogeneous reactions.

The above pattern was followed by the author while offering
a course in C.R.E. at University level. However, it will be prevelge
of teachers to follow the way it suits them most.

The author will be highly obliged if some omission or errors
`          are pQinted out.  It will be  his endower to  acknowledge them in

proceedingeditious.
With pleasure the author would like to acknowledge help,

inspiration, encourgement and healthy critisims received from the
well wishers. friends, students and the family members. The special
thanks   are   due   to   Mrs.   MadauLi   Lata,   Dr.   E.B.P. ,Pillai,
Autogizachew adugna, Dean Polytechnic Institute, Bahirdar, Ato
Almayedo  Kerlo  Shibeshi  for  their  inspiration,  correcting  the
manuscripts and their valuable suggestions from time to time.

The  author  is  indebted  to   Prof.   Birjesh  Chandra,  Ato
Solomen,AtoJulfikarandAtoMohammadfortheirhealthysugges-
tion and help rendered by them.

The author thinks readers will not be disappointed by adopt-
ing this book as their text book for the course "Chemical Reaction
Engineering" I & 11. The author is sure that they will always find
something new to scratch their head.

Sri`vastav R.P. S.
Prof. in Chemical Engineering
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1
Introduction

INTRODUCTION
Due  to  enhancement.  in  world  population,  need  for  more

industrializationhavebecomemust.Inthiscontextchemicalsplay
vitalrole.Asthedaystartswithchemicalsandendswithchemicals.

Morning-Tooth Paste, Bread, Butter, Oil, Cloths, etc.
Afternoon-Lunch, Drinks, etc.
Evening-Tea, Biscuits, etc.
Night-Insecticides, Blanket, etc.
To keep healthy-Fruits, Medicines, etc.
To look beautiful-Powder, Cream, Oil, Vasline, etc.
These are the basic requirement of a human being in day to

day life. All these chemicals are manufactured in industries. An
industries operates as shown in Fig.1.1.

W»S7E

Fig.1.1. '13pical Chemical Process.
First  physical  treatment  deals  with  beneficiation  of raw

material/enrichment of raw matent and last physical treatment
takes care of separation of final product, by product, waste and/or
unreacted.

First  physical  treatment-Crushing/grinding,  filteration,
size separation, sieving etc. are encountered.

Second physical treatment-Distillation, extraction, leach-
ing, ion exchange, dialysis, reverse osmosis etc. are involved.

3



4 AN  EmMENrs  OF  REACHON ENGINEERING

Chemical treatment deals with chlorination, nitration, sul-
fonation, bleaching, hydrogenation etc.

ItisobviousfromFig.1.1thatthechemicaltreatmentisheart
of the chemical industries.. The role played by reaction engineering
is to keep heart alive all the times. By simulating, updating, main-
taining on most economical manner.

Design of a reactor is no more routine matter. It involves
manyalteration,optimizationwithoverallcostofreactorinmind.
Reactordesignrequiresdepthknowledgeofmanysubjectsofchemi-
cal engineering, I)jz. thermodynamics, fluid mechanics, heat trams-
fer, separation process, economics, optimal process modelling and
simulationetc.Thereactionengineeringusesalltheseinformations
forabetterdesign.Adesignerhastosatisfyhiscustomerbysuitably
answeringthefollowingtwoquestionswhichisgenerallyasked.

(cI) What changes to occur ?
(a) How fast these change will occur ?
To  answer the  first question one has to take the help of

thermodynamics whereas second requires the depth. knowledge of
chemicalkinetics,physicalchemistry,heattransferetc.If someone
wish to ponder on both the question together.  It will amount to
landinginhotwater.Henceletusstartwiththesimplestsituations
and build up the analysis with the help of previous knowledge to
solve the difficult problems. Let us make beginning with classifica-
tion of reactions.

1.1. CLASSIFICATION 0F REACTIONS
There are various ways to classify a reactions, however, the

simplest will be taken up.
(c[) On the basis Of phases present in reactant/product
(i) Homogeneous                  (j£)  Heterogeneous
Itishomogeneousifallthereactantsproductsarepreserltin

onephasewhereasifmorethanonephaseispresentitisknownas
heterogeneous reaction.

(a) Based on Catalyst
(i) Catalytic reactions         ¢j)  Non-catalytic reactions
Acatalyticreactionisonewhereacatalystismusttoproceed

the reaction whereas non catalytic reaction does not require any
catalyst to proceed with. A catalyst does not take part in reaction
however it either promote. or retard the rate of reaction. A simple
distinction with these classifications are depicted in Table 1.1.
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Table 1.1. Classification of Chemical Reactions

5

Now-Catakytie Catalytic

Homogeneous

Most Gas; Phase M.o8t I.iquid Phase
Reactiorrs ReactioTrs

Fast Reactior.8 i.e. Burr.- Reaction in Couoidal
ing Of Flcunes •   System

Heterogeneous Burning of coal,  roasting Ammonia synthesis, crack-
of ores, gas-liquid absorp- ingofnaphthaoxidationof
tion  with  reaction,  mass S02 to H2S04, nitric acid
transfer.   with   chemical' production from ammonia.I
reaction, production of iron
and steel from iron ores.

(c) Based upon concentration
(I:) Single                                  (jj) Multiples.
If a single stoichiometric equation is applicable it is known

assinglewhileinthecaseofmorethanonestoichiometricequations
they are termed  as multiple.  Multiples  reaction can be further
subdivided as

Multiples Reaction

Series/Chain
A-R-S

Competitive

A-R-s
Consequetive

A-R
B-S

Or
A+B-R
R+B-S

® Viewed on the basis of equilibrium
¢.) Reversible                         ¢z.)  Irreversible

(Zj!.) Elementary                      ¢z/) Non-elementary reactions.

Inasituationwhenproductsformedagaindecomposestogive
reactants the reaction is  known as reversible and  in a case  no
decomposition of products take place it is irreversible reacti.ohs.
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Where rate equation corresponds to stoichiometric equation
it is termed as elementary reaction.  If it does not correspond to
stoichinetri€quation it is non-elementary reaction. However, it
is  not always  must  that  an  equilibrium for reversible  reaction.
should exist in elementary reactions.  Elementary reactions may
also be unidirectional.

1.2. CHEMCAL KINETICS
It search for the factors which influence the rate. It quantify

andjustify the values of rate. Its study plays important role as :
(cE) It is a tool to know the nature of reacting system. It also

takes  care  of the  chemical  bonds  involved,  their structure  and
energy evolved/released if bonds are broken.

(a)Organicchemistviewsitasatooltounderstandchemical
bonding and molecular structure. Their compounding is of more
interest for them.

(a) It provides a method to study heat and mass transfer and
suggests methods to understand rate phenomena in other fields.

(i) For chemical engineer it gives information about design
of equipments.

Any way chemical kinetics may be expressed the way one
wish to use. Some more lights may be thrown if the thermodynamic
approach is discussed.
I.3. THERMODYNAMCS APPROACH

It generally provides two vital informations :
(cb) Amount of heat liberated or absorbed during reaction.
(a) Maximum possible extent of reaction.
A chemical reaction may be expressed as ;

b B + a A -_ r R + s S , A H r
(+ ve, endothermic

-ve, exothermic

The heat of reaction, AHr, is the heat transferred either from
or  to  surroundings  when  reactants  give  products.  The  ther-
modynap.icsallowstocalculatetheequilibriumconstants,A,from
the staridai'd Gibbs free energies, G° ;

Aap.--r^GPR+ sbGs-bAcrB-a^GPA---RTlnK      ...(1.I)
Iftri'evalueofequilibriumconstant,K,isknown,theexpected

maximuin yield can be estimated.
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1.4. VARIABLES T0 AFFECT
There may be 7} numbers of variables which will affect the

chemical reaction. It depends on type of reactions also. Table 1.2
depicts the parameter affecting a chemical reaction.

Table 1.2. Variables affecting a reaction

Types Of Reaction Variable8Arfec:frog

Homogeneous Temperature , pressure and composition.

Heterogeneous Rate of mass transfer between layers and rateofheattransfer.

Series Slowest step of the series.

1.5. ROLE 0F REACTION RATE
Ratecanbedefinedonnumberofways.Beforejumpinginto

rate let us select one component, I., if the rate of ch lnge in number

ofmolesinthiscomponentis#,then,ratecanbedefinedonvarious

basis.

(cE) Based on unit volume of fluid :
1     CZIV..            moles ofG. formedri---v.I--

CZN,.
IVolume of

_di

(a) Based on unit -nass of solid ;

fluid)(Time)

1     cZ.V,.          molesofz.formed
. _ w.   di  -

CZN,.+Eii
(Mass of solid)(Time)

(a) Based on unit surface area of solids ;

r`„=:.#= moles of I. formed
(Surface area of

CZIVI.IRE
® Based on unit volume of solids ;

r'.'„

solids)(Time)

1     CZN..           moles ofj formed
Vs '   d£
cZIV!.

EE

rvolume of solid)(Time) •...(I.8)

...(1.9)
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(e) Based on unit volume of the reactor ;

r.,'u-± dIvj               moles i formed
• T£  -ovolume of reactor)(Time)

cZN!--Tit

...(1.10)

...(1.11)

Generally in the homogeneous reactions volume of the fluid
and volume  of the  reactor  is  same.  As  fluid  should  fill up the
completereactor.Henceequatious(1.3)and(1.10)canbeexchanged
wherever required.

For heterogeneous eystem all situations are existing, hence
equations from (1.3) to (1.10) are all used as per need.

Ifoneexamineequation(1.3)to(1.10)hemayrelatereaction
rate as ;

{¥A°iuuTde}r,={#;Sds°f}r,'={gfu:::;Cdesarea}r,ii
={¥o°L];:me°f}r,JJJ={ye°::t:re°f}rz"...(1.12)

Or Vr! = Wrj' = Sri" = Vsr!" = Vrr!"                        ...(1.13)

The equation (1.13) gives a clue to define a rate.
Rate is nothing but the way a component disappearance or

formed per unit time.
The rate depends on the conditions of the eystems.

r,. = /(Conditions of eystem)                                          ...(1.14)
Theseconditionsaretemperature,pressureandcomposition.

So,

From the knowled£J`-e of general science the temperature and
pressurea:::nftteLrer:1::::;uTeTsc::upaot::t:ot:,.15,reducesto...t[.16,

Effect of these will be discussed in detail in chapter 2.
SOLVED PROBLEMS

Prohlem1.1.Aftrstorderreac±ionA-8i,sc_err.iedoutina
tabular reactor u]ith a;nstcLat vohameinc foow rat_e. Perive an eq¥cb--t~i:;-wiiningthereactorvohametot_hegnterin?apdevit:one:::n;?cti=_:_
-if-;i:;;find;thercteconsta_ndan`dval¥petriefoow.rat.?s.__DLe_±e,:r%t_n^ej
-t';;-r:i:;;; -;;lirme to red"ce the exiting concentratf on to. 10Cflo .9f
V;;i;;i-;i.-;A;Sirmevo|umctrieflow_rctea:.10litreslminandspecifie

iecushon rake consta;nd as 0.23 I rriin.

r,. = f(Temperat,ure, Pressure, Composition)           ...(1.15)
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Or

Or

Solution. The mole balance for tubular reactor,

#=rA
For the first order reaction, - rA = facA.
As the volumetric flow rate is constant

d:FA     d;(CAPo)       __   d;CA

ir-----vofy_-rA
Substituting for rA

-rA=-uo#=facA

-=(#)=dv

on integration,  V= # ln%

=#ln CAo

EEiEH

9

...(1.1.1)

...(1.1.2)

= 100 litres.  cos.
Prohhe" 1.a. W':rite the mole balance fbr dinetkyl ether in

te;rmsofreactoruohame,conee:ntra;honcnd,rcteOfd,isappecun;neeOf
dinethyl other fbr both ci constc[nd volume and constant pressure
batch recuetor .

Solution. Let reaction be A -..-- M + H + a              ...(1.1.3)
where,   A = Dimethyl ether, M = Methane,

H = Hydrogen and a = Carbon.
±dNAFor both types of reactors, i7 . T = rA

Or

...(1.1.4)

Assume. No patial variations in rA for both reactors.
(cb) Constant volume batch reactor ;
Assume. Reactor being perfectly mixed.

d(N4/V)=d±1dNA
v`   di  -       di      _   di

--rA

(a) Constant pressure batch reactor ;
NA--CAIN:IV

1   ENA    iducA.v)    dc;A  .cA   av-v . I -- -v - -  a r£ - -- E±

...(1.1.5)

+J5.jT=rA       ...(1.1.6)

rA=#+CA#V.Ans.
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UNSOLVED PROBLEMS
1.1.   Find the variation of the rate of the reaction 2NO + 02 - 2IV02

with  the  two-fold  increase  in  the  initial  oxygen  concentration.
Repeat the problem with the two-fold increase of the initial con-
centration of NO. Compare the results obtained in two cases.

1.2.   Find the H2 : Coratio need for the highest rate of methane eynthesis
if the reaction rate is given by the following equation :

`     ,      „   r     PCO      io.25     ,   pcH3OHo.5(-rA)=fapH2{pT#}`.-V_fa2
pcoO.25

1.3.   The rate of the reaction 2A + A - D is given by the first order
equationforeachcomponent.After20minutes20%ofAhasreacted.
Calculate the concentration of component A after 40 minutes.

1.4.   A polymerization reaction takes place at a constant temperature in
homogeneous phase. For the initial monomer concentration of 0.3,

0.5ando.9#,30%ofthemonomerreactsin40minutes.Findout

the reaction rate.
1.5.   A gas mixture contains IVO and air. Find the oxygen concentration

to provide the maximum rate of oxidation of NO. The temperature
is below 150°C, A clue (an irreversible reaction) . The rate of reaction
is(-rA)=facjv2Oc02.

I.6.    Water vapour is 1.85 mole % dissociated at 2000°C and one atmos-
phere iressure at equilibrium. Calculate the equilibrium dissocia-
tion at 25°C and 1 atm.

1.7.   Write the mole balance for dimethyl ether in terms of the reactor
volume, concentration and rate of formation of dimethyl ether for
both a constant pressufe and a constant volume batch reactor.

1.8.    Differentiate  between   rate   of  reaction  for  homogeneous   and
heterogeneous reactions. State the properties on which each of them
depend.

1.9.   A reaction has the stoichiometric equationA + 8 -2R, state the
order of reaction.

1.10.Acertainreactionhasarate,(-rA)=5xl0JCA2.#.If the

concentrationisexpressedini:E;:andtimeinminutescalculate

the value and decide the unit of rate constant.

I.11.Areactionwithstoichiometricequation±A+B-A+±Sh.as

the following rate expression : (- rA) = 2CA°.5 CB. Find out the rate
expression for this reaction ifstoichiometric equation is       _

A + ZB -2R + S.
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