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Preface

Chemical reaction engineering is that engineering activity concerned with the
exploitation of chemical reactions on a commercial scale. Its goal is the successful
design and operation of chemical reactors, and probably more than any other
activity it sets chemical engineering apart as a distinct branch of the engi-
neering profession.

In a typical situation the engineer is faced with a host of questions: what
information is needed to attack a problem, how best to obtain it, and then how
to select a reasonable design from the many available alternatives? The purpose
of this book is to teach how to answer these questions reliably and wisely. To
do this I emphasize qualitative arguments, simple design methods, graphical
procedures, and frequent comparison of capabilities of the major reactor types.
This approach should help develop a strong intuitive sense for good design which
can then guide and reinforce the formal methods.

This is a teaching book; thus, simple ideas are treated first, and are then
extended to the more complex. Also, emphasis is placed throughout on the
development of a common design strategy for all systems, homogeneous and
heterogeneous.

This is an introductory book. The pace is leisurely, and where needed, time is
taken to consider why certain assumptions are made, to discuss why an alternative
approach is not used, and to indicate the limitations of the treatment when
applied to real situations. Although the mathematical level is not particularly
difficult (elementary calculus and the linear first-order differential equation is
all that is needed), this does not mean that the ideas and concepts being taught
are particularly simple. To develop new ways of thinking and new intuitions is
not easy.

Regarding this new edition: first of all I should say that in spirit it follows the
earlier ones, and I try to keep things simple. In fact, I have removed material
from here and there that I felt more properly belonged in advanced books.
But I have added a number of new topics—biochemical systems, reactors with
fluidized solids, gas/liquid reactors, and more on nonideal flow. The reason for
this is my feeling that students should at least be introduced to these subjects so
that they will have an idea of how to approach problems in these important areas.

m



iv Preface

I feel that problem-solving—the process of applying concepts to new situa-
tions—is essential to learning. Consequently this edition includes over 80 illustra-
tive examples and over 400 problems (75% new) to help the student learn and
understand the concepts being taught.

This new edition is divided into five parts. For the first undergraduate course,
I would suggest covering Part 1 (go through Chapters 1 and 2 quickly—don’t
dawdle there), and if extra time is available, go on to whatever chapters in Parts
2 to 5 that are of interest. For me, these would be catalytic systems (just Chapter
18) and a bit on nonideal flow (Chapters 11 and 12).

For the graduate or second course the material in Parts 2 to 5 should be suitable.

Finally, I’d like to acknowledge Professors Keith Levien, Julio Ottino, and
Richard Turton, and Dr. Amos Avidan, who have made useful and helpful
comments. Also, my grateful thanks go to Pam Wegner and Peggy Blair, who
typed and retyped—probably what seemed like ad infinitum—to get this manu-
script ready for the publisher.

And to you, the reader, if you find errors—no, when you find errors—or
sections of this book that are unclear, please let me know.

Octave Levenspiel

Chemical Engineering Department
Oregon State University

Corvallis, OR, 97331

Fax: (541) 737-4600
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Notation

Symbols and constants which are defined and used locally are not included here.
SI units are given to show the dimensions of the symbols.

a interfacial area per unit volume of tower (m%m?), see
Chapter 23

a activity of a catalyst, see Eq. 21.4

ab,..rs, .. stoichiometric coefficients for reacting substances A,
B,..R,S, ..

A cross sectional area of a reactor (m?), see Chapter 20

A, B, .. reactants

A B, CD, Geldart classification of particles, see Chapter 20

C concentration (mol/m?)

Cu Monod constant (mol/m?), see Chapters 28-30; or Michae-

lis constant (mol/m?), see Chapter 27

C, heat capacity (J/mol-K)
par Cpa mean specific heat of feed, and of completely converted

product stream, per mole of key entering reactant (J/
mol A + all else with it)

d diameter (m)

d order of deactivation, see Chapter 22

a* dimensionless particle diameter, see Eq. 20.1

D axial dispersion coefficient for flowing fluid (m?s), see
Chapter 13

7} molecular diffusion coefficient (m?/s)

D, effective diffusion coefficient in porous structures (m3m
solid-s)

ei(x) an exponential integral, see Table 16.1
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enhancement factor for mass transfer with reaction, see
Eq. 23.6

concentration of enzyme (mol or gm/m?), see Chapter 27

dimensionless output to a pulse input, the exit age distribu-
tion function (s), see Chapter 11

RTD for convective flow, see Chapter 15

RTD for the dispersion model, see Chapter 13

an exponential integral, see Table 16.1

effectiveness factor (-), see Chapter 18

fraction of solids (m? solid/m? vessel), see Chapter 20
volume fraction of phase i (-), see Chapter 22

feed rate (mol/s or kg/s)

dimensionless output to a step input (-), see Fig. 11.12
free energy (J/mol A)

heat transfer coefficient (W/m?-K), see Chapter 18
height of absorption column (m), see Chapter 24
height of fluidized reactor (m), see Chapter 20

phase distribution coefficient or Henry’s law constant; for
gas phase systems H = p/C (Pa-m*mol), see Chapter 23

mean enthalpy of the flowing stream per mole of A flowing
(J/mol A + all else with it), see Chapter 9

enthalpy of unreacted feed stream, and of completely con-
verted product stream, per mole of A (J/mol A + all
else), see Chapter 19

heat of reaction at temperature T for the stoichiometry
as written (J)

heat or enthalpy change of reaction, of formation, and of
combustion (J or J/mol)

reaction rate constant (mol/m3)!" s71, see Eq. 2.2

reaction rate constants based on r, r', ', r", r", see Egs.
18.14 to 18.18

rate constant for the deactivation of catalyst, see Chap-
ter 21

effective thermal conductivity (W/m-K), see Chapter 18

mass transfer coefficient of the gas film (mol/m?-Pa-s), see
Eq. 232

mass transfer coefficient of the liquid film (m3 liquid/m?
surface-s), see Eq. 23.3

equilibrium constant of a reaction for the stoichiometry
as written (-), see Chapter 9
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Notation Xiii

bubble-cloud interchange coefficient in fluidized beds
(s71), see Eq. 20.13

cloud-emulsion interchange coefficient in fluidized beds
(s1), see Eq. 20.14

characteristic size of a porous catalyst particle (m), see
Eq. 18.13

half thickness of a flat plate particle (m), see Table 25.1
mass flow rate (kg/s), see Eq. 11.6

mass (kg), see Chapter 11

order of reaction, see Eq. 2.2

number of equal-size mixed flow reactors in series, see
Chapter 6

moles of component A
partial pressure of component A (Pa)

partial pressure of A in gas which would be in equilibrium
with C, in the liquid; hence p¥ = H,C, (Pa)

heat duty (J/s = W)

rate of reaction, an intensive measure, see Egs. 1.2 to 1.6
radius of unreacted core (m), see Chapter 25

radius of particle (m), see Chapter 25

products of reaction

ideal gas law constant,
= 8.314 J/mol-K
= 1.987 cal/mol-K
= 0.08206 lit-atm/mol-K

recycle ratio, see Eq. 6.15

space velocity (s71); see Egs. 5.7 and 5.8
surface (m?)

time (s)

= Vlv, reactor holding time or mean residence time of
fluid in a flow reactor (s), see Eq. 5.24

temperature (K or °C)

dimensionless velocity, see Eq. 20.2

carrier or inert component in a phase, see Chapter 24
volumetric flow rate (m%s)

volume (m?)

mass of solids in the reactor (kg)

fraction of A converted, the conversion (-)
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Xa

Ya

Greek symbols
o

é
é

8t — 1)

€A

0= tlt
K/II

©® 3 T E

S

,rl
TI, T”, 711/, 7_(III

P

¢
¢

o(MN) = M

moles A/moles inert in the liquid (—), see Chapter 24
moles A/moles inert in the gas (—), see Chapter 24

m?® wake/m? bubble, see Eq. 20.9
volume fraction of bubbles in a BFB

Dirac delta function, an ideal pulse occurring at time t =
0 (s71), see Eq. 11.14

Dirac delta function occurring at time t; (s™!)

expansion factor, fractional volume change on complete
conversion of A, see Eq. 3.64

void fraction in a gas-solid system, see Chapter 20
effectiveness factor, see Eq. 18.11
dimensionless time units (—), see Eq. 11.5

overall reaction rate constant in BFB (m® solid/m? gas-s)
see Chapter 20

viscosity of fluid (kg/m-s)

)

mean of a tracer output curve, (s), see Chapter 15
total pressure (Pa)
density or molar density (kg/m3 or mol/m?)

variance of a tracer curve or distribution function (s?), see
Eq. 132

Viv = CxVIF,, space-time (s), see Egs. 5.6 and 5.8

time for complete conversion of a reactant particle to
product (s)

= CpoWIF Ay, weight-time, (kg-s/m?), see Eq. 15.23

various measures of reactor performance, see Egs.
18.42, 18.43

overall fractional yield, see Eq. 7.8
sphericity, see Eq. 20.6
instantaneous fractional yield, see Eq. 7.7

instantaneous fractional yield of M with respect to N, or
moles M formed/mol N formed or reacted away, see
Chapter 7

Symbols and abbreviations

BFB
BR
CFB
FF

bubbling fluidized bed, see Chapter 20
batch reactor, see Chapters 3 and 5
circulating fluidized bed, see Chapter 20
fast fluidized bed, see Chapter 20



Notation XV

LFR laminar flow reactor, see Chapter 15
MFR mixed flow reactor, see Chapter 5
M-M Michaelis Menten, see Chapter 27
M) = ¢(M/N) see Egs. 28.1 to 28.4

mw molecular weight (kg/mol)

PC pneumatic conveying, see Chapter 20
PCM progressive conversion model, see Chapter 25
PFR plug flow reactor, see Chapter 5

RTD residence time distribution, see Chapter 11
SCM shrinking-core model, see Chapter 25
TB turbulent fluidized bed, see Chapter 20
Subscripts

b batch

b bubble phase of a fluidized bed

c of combustion

c cloud phase of a fluidized bed

c at unreacted core

d deactivation

d deadwater, or stagnant fluid

e emulsion phase of a fluidized bed

e equilibrium conditions

f leaving or final

f of formation

g of gas

i entering

/ of liquid

m mixed flow

mf at minimum fluidizing conditions

)4 plug flow

r reactor or of reaction

s solid or catalyst or surface conditions
0 entering or reference

0 using dimensionless time units, see Chapter 11
Superscripts

ab,... order of reaction, see Eq. 2.2

n order of reaction

o) refers to the standard state



XVi  Notation

Dimensionless
groups
D vessel dispersion number, see Chapter 13
ul
b intensity of dispersion number, see Chapter 13
ud
My Hatta modulus, see Eq. 23.8 and/or Figure 23.4
My Thiele modulus, see Eq. 18.23 or 18.26
My, Wagner-Weisz-Wheeler modulus, see Eq. 18.24 or 18.34
Re = dup Reynolds number

Schmidt number



Chapter 1

Overview of Chemical Reaction
Engineering

Every industrial chemical process is designed to produce economically a desired
product from a variety of starting materials through a succession of treatment
steps. Figure 1.1 shows a typical situation. The raw materials undergo a number
of physical treatment steps to put them in the form in which they can be reacted
chemically. Then they pass through the reactor. The products of the reaction
must then undergo further physical treatment—separations, purifications, etc.—
for the final desired product to be obtained.

Design of equipment for the physical treatment steps is studied in the unit
operations. In this book we are concerned with the chemical treatment step of
a process. Economically this may be an inconsequential unit, perhaps a simple
mixing tank. Frequently, however, the chemical treatment step is the heart of
the process, the thing that makes or breaks the process economically.

Design of the reactor is no routine matter, and many alternatives can be
proposed for a process. In searching for the optimum it is not just the cost of
the reactor that must be minimized. One design may have low reactor cost, but
the materials leaving the unit may be such that their treatment requires a much
higher cost than alternative designs. Hence, the economics of the overall process
must be considered.

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.

_RaTv__» Physical 1~ | Chemical Physical
- treatment treatment treatment | Products
_materials _ | steps  —"| steps steps -
\
1 Recycle

Figure 1.1 Typical chemical process.
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Peformance equation
relates input to output

/

Input ——>~

; T

Output

Contacting pattern or how Kinetics or how fast things happen.
materials flow through and If very fast, then equilibrium tells
contact each other in the reactor, what will leave the reactor. If not
how early or late they mix, their so fast, then the rate of chemical
clumpiness or state of aggregation. reaction, and maybe heat and mass
By their very nature some materials transfer too, will determine what will

are very clumpy—for instance, solids happen.
and noncoalescing liquid droplets.

Figure 1.2 Information needed to predict what a reactor can do.

Much of this book deals with finding the expression to relate input to output
for various kinetics and various contacting patterns, or

output = f[input, kinetics, contacting] (1))

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.

Classification of Reactions

There are many ways of classifying chemical reactions. In chemical reaction
engineering probably the most useful scheme is the breakdown according to
the number and types of phases involved, the big division being between the
homogeneous and heterogeneous systems. A reaction is homogeneous if it takes
place in one phase alone. A reaction is heterogeneous if it requires the presence
of at least two phases to proceed at the rate that it does. It is immaterial whether
the reaction takes place in one, two, or more phases; at an interface; or whether
the reactants and products are distributed among the phases or are all contained
within a single phase. All that counts is that at least two phases are necessary
for the reaction to proceed as it does.

Sometimes this classification is not clear-cut as with the large class of biological
reactions, the enzyme-substrate reactions. Here the enzyme acts as a catalyst in
the manufacture of proteins and other products. Since enzymes themselves are
highly complicated large-molecular-weight proteins of colloidal size, 10-100 nm,
enzyme-containing solutions represent a gray region between homogeneous and
heterogeneous systems. Other examples for which the distinction between homo-
geneous and heterogeneous systems is not sharp are the very rapid chemical
reactions, such as the burning gas flame. Here large nonhomogeneity in composi-
tion and temperature exist. Strictly speaking, then, we do not have a single phase,
for a phase implies uniform temperature, pressure, and composition throughout.
The answer to the question of how to classify these borderline cases is simple.
It depends on how we choose to treat them, and this in turn depends on which
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Table 1.1 Classification of Chemical Reactions Useful in Reactor Design

Noncatalytic Catalytic
Homogeneous | Most gas-phase reactions Most liquid-phase reactions
Fast reactions such as Reactions in colloidal systems
burning of a flame Enzyme and microbial reactions
Burning of coal Ammonia synthesis
Roasting of ores Oxidation of ammonia to pro-
Attack of solids by acids duce nitric acid
Heterogeneous | Gas-liquid absorption Cracking of crude oil
with reaction Oxidation of SO, to SO,
Reduction of iron ore to
iron and steel

description we think is more useful. Thus, only in the context of a given situation
can we decide how best to treat these borderline cases.

Cutting across this classification is the catalytic reaction whose rate is altered
by materials that are neither reactants nor products. These foreign materials,
called catalysts, need not be present in large amounts. Catalysts act somehow as
go-betweens, either hindering or accelerating the reaction process while being
modified relatively slowly if at all.

Table 1.1 shows the classification of chemical reactions according to our scheme
with a few examples of typical reactions for each type.

Variables Affecting the Rate of Reaction

Many variables may affect the rate of a chemical reaction. In homogeneous
systems the temperature, pressure, and composition are obvious variables. In
heterogeneous systems more than one phase is involved; hence, the problem
becomes more complex. Material may have to move from phase to phase during
reaction; hence, the rate of mass transfer can become important. For example,
in the burning of a coal briquette the diffusion of oxygen through the gas film
surrounding the particle, and through the ash layer at the surface of the particle,
can play an important role in limiting the rate of reaction. In addition, the rate
of heat transfer may also become a factor. Consider, for example, an exothermic
reaction taking place at the interior surfaces of a porous catalyst pellet. If the
heat released by reaction is not removed fast enough, a severe nonuniform
temperature distribution can occur within the pellet, which in turn will result in
differing point rates of reaction. These heat and mass transfer effects become
increasingly important the faster the rate of reaction, and in very fast reactions,
such as burning flames, they become rate controlling. Thus, heat and mass transfer
may play important roles in determining the rates of heterogeneous reactions.

Definition of Reaction Rate

We next ask how to define the rate of reaction in meaningful and useful ways.
To answer this, let us adopt a number of definitions of rate of reaction, all
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interrelated and all intensive rather than extensive measures. But first we must
select one reaction component for consideration and define the rate in terms of
this component i. If the rate of change in number of moles of this component
due to reaction is dN/dt, then the rate of reaction in its various forms is defined
as follows. Based on unit volume of reacting fluid,

_1dN; __ molesiformed )
V dt  (volume of fluid) (time) )

T

Based on unit mass of solid in fluid-solid systems,

o 1dN; __ molesiformed 3)
" W dt (mass ofsolid) (time)

Based on unit interfacial surface in two-fluid systems or based on unit surface
of solid in gas-solid systems,

=l dN; _ moles i formed .
'S dt (surface) (time) @

Based on unit volume of solid in gas-solid systems

w_ 1dN; _ molesiformed
'V, dt (volume of solid) (time)

)

Based on unit volume of reactor, if different from the rate based on unit volume
of fluid,

14N, _ moles i formed
V, dt  (volume of reactor) (time)

n —

T

()

In homogeneous systems the volume of fluid in the reactor is often identical to
the volume of reactor. In such a case V and V, are identical and Eqgs. 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.

From Egs. 2 to 6 these intensive definitions of reaction rate are related by

volume , — (mass of b= surface o= volume o= volume o
of fluid ) solid /'~ \ofsolid/ ¢ \ofsolid/ * of reactor/ '

or

Vri=Wr|=Sr{=Vr!'=Vr}" )
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Speed of Chemical Reactions

Some reactions occur very rapidly; others very, very slowly. For example, in the
production of polyethylene, one of our most important plastics, or in the produc-
tion of gasoline from crude petroleum, we want the reaction step to be complete
in less than one second, while in waste water treatment, reaction may take days
and days to do the job.

Figure 1.3 indicates the relative rates at which reactions occur. To give you
an appreciation of the relative rates or relative values between what goes on in
sewage treatment plants and in rocket engines, this is equivalent to

1secto3yr

With such a large ratio, of course the design of reactors will be quite different
in these cases.

10 1078 1072 0.1 1 10
t } ? t } t t 4
B S E— Working LECIEY - . s e
Cellular rxs., hard Gases in porous
industrial water  Human catalyst particles

treatment plants  at rest Coal furnaces

108 10 10° 1010
5 t t 55 t }
-~ - -
Jet engines Rocket engines Bimolecular rxs. in which

every collision counts, at
about ~1 atm and 400°C

moles of A disappearing
m? of thing - s

Figure 1.3 Rate of reactions —r} =

Overall Plan

Reactors come in all colors, shapes, and sizes and are used for all sorts of
reactions. As a brief sampling we have the giant cat crackers for oil refining; the
monster blast furnaces for iron making; the crafty activated sludge ponds for
sewage treatment; the amazing polymerization tanks for plastics, paints, and
fibers; the critically important pharmaceutical vats for producing aspirin, penicil-
lin, and birth control drugs; the happy-go-lucky fermentation jugs for moonshine;
and, of course, the beastly cigarette.

Such reactions are so different in rates and types that it would be awkward
to try to treat them all in one way. So we treat them by type in this book because
each type requires developing the appropriate set of performance equations.
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THE ROCKET ENGINE

A rocket engine, Fig. E1.1, burns a stoichiometric mixture of fuel (liquid hydro-
gen) in oxidant (liquid oxygen). The combustion chamber is cylindrical, 75 cm
long and 60 cm in diameter, and the combustion process produces 108 kg/s of
exhaust gases. If combustion is complete, find the rate of reaction of hydrogen
and of oxygen.

Complete combustion

I 75 cm i
Figure E1.1

SOLUTION
We want to evaluate

1 dNH2

_, _ 1%y, 1dN02
BV odr

Ty

and

Let us evaluate terms. The reactor volume and the volume in which reaction
takes place are identical. Thus,

V= % (0.6)2(0.75) = 0.2121 m?

Next, let us look at the reaction occurring.

H, + % 0,—H,0 @)
molecular weight: 2gm 16 gm 18 gm
Therefore,
1 kmol
H,O produced/s = 108 kg/s ( 18 kg ) = 6 kmol/s

So from Eq. (i)

H, used = 6 kmol/s
O, used = 3 kmol/s
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and the rate of reaction is

1 6 kmol mol used
—py = — . =2.829 X 104 ——>"——
My 02121 m* s 2829 x10 (m® of rocket) - s
_ 1 _, kmol _ , mol
"0, = T a1 o 3 s - 1.415 X 10 s

Note: Compare these rates with the values given in Figure 1.3.

THE LIVING PERSON

A human being (75 kg) consumes about 6000 kJ of food per day. Assume that
the food is all glucose and that the overall reaction is

CgH,,04 + 60,—6CO, + 6H,0, —~AH, = 2816 kJ
from air breathed out

Find man’s metabolic rate (the rate of living, loving, and laughing) in terms of
moles of oxygen used per m* of person per second.

SOLUTION

We want to find

= 1 dN02 _ mol 02 used (.)
© Vperson dt (m3 of peI‘SOIl)S 1

Let us evaluate the two terms in this equation. First of all, from our life experience
we estimate the density of man to be

_ kg
p=1000-=

Therefore, for the person in question

_ 75kg 3
Vierson = 1000 ke/mD kg/m 0.075 m
Next, noting that each mole of glucose consumed uses 6 moles of oxygen and
releases 2816 kJ of energy, we see that we need

aNo, _ ( 6000 kJ/day ( 6 mol O, ) _1pgMol0;
dt 2816 kJ/mol glucose,/ \ 1 mol glucose " day
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Inserting into Eq. (i)

mol O, used

w1 128 mol O,used 1day
= 0.002 s

%" 0075m® day 24 X 3600 s

Note: Compare this value with those listed in Figure 1.3.

PROBLEMS

1.1. Municipal waste water treatment plant. Consider a municipal water treat-
ment plant for a small community (Fig. P1.1). Waste water, 32 000 m?/day,
flows through the treatment plant with a mean residence time of 8 hr, air
is bubbled through the tanks, and microbes in the tank attack and break
down the organic material

microbes

(organic waste) + O, —> CO, + H,0

A typical entering feed has a BOD (biological oxygen demand) of 200 mg
O,/liter, while the effluent has a negligible BOD. Find the rate of reaction,
or decrease in BOD in the treatment tanks.

Waste water, Waste water Clean water,
32,000 m3/day | treatment plant [ 32,000 m3/day

!

200 mg 0, Mean residence Zero 0, needed
needed/liter time7=28 hr

Figure P1.1

1.2. Coal burning electrical power station. Large central power stations (about
1000 MW electrical) using fluidized bed combustors may be built some day
(see Fig. P1.2). These giants would be fed 240 tons of coal/hr (90% C, 10%

Fluidized bed
I0mx4mx1lm

240 ton/hr, .
90% C, 10% H, . 50% of the feed
burns in these 10 units

Figure P1.2
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H,), 50% of which would burn within the battery of primary fluidized beds,
the other 50% elsewhere in the system. One suggested design would use a
battery of 10 fluidized beds, each 20 m long, 4 m wide, and containing solids
to a depth of 1 m. Find the rate of reaction within the beds, based on the
oxygen used.

1.3. Fluid cracking crackers (FCC). FCC reactors are among the largest pro-

cessing units used in the petroleum industry. Figure P1.3 shows an example
of such units. A typical unit is 4-10 m ID and 10-20 m high and contains
about 50 tons of p = 800 kg/m?3 porous catalyst. It is fed about 38 000 barrels
of crude oil per day (6000 m¥/day at a density p = 900 kg/m?), and it cracks
these long chain hydrocarbons into shorter molecules.

To get an idea of the rate of reaction in these giant units, let us simplify
and suppose that the feed consists of just C,, hydrocarbon, or

Cl 2
%cg
C20H42 S C5
\\\q
CH,

If 60% of the vaporized feed is cracked in the unit, what is the rate of
reaction, expressed as —r’ (mols reacted/kg cat-s) and as " (mols reacted/
m3 cat-s)?

Product

Regenerator |

Reducing
Oxidizing atmosphere
atmosphere

Air
Qil

Figure P1.3 The Exxon Model IV FCC unit.
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Chapter 2

Kinetics of Homogeneous
Reactions

Simple Reactor Types

Ideal reactors have three ideal flow or contacting patterns. We show these in
Fig. 2.1, and we very often try to make real reactors approach these ideals as
closely as possible.

We particularly like these three flow or reacting patterns because they are
easy to treat (it is simple to find their performance equations) and because one
of them often is the best pattern possible (it will give the most of whatever it is
we want). Later we will consider recycle reactors, staged reactors, and other flow
pattern combinations, as well as deviations of real reactors from these ideals.

The Rate Equation

Suppose a single-phase reaction aA + bB — rR + sS. The most useful measure
of reaction rate for reactant A is then

rate of disappearance of A
(g 1dNa _ (amount of A disappearing) [mol }
S

/ AT [ (volume) (time) m3-
note that this is an the minus sign

intensive measure means disappearance

@

In addition, the rates of reaction of all materials are related by

A _ T

a b

~ =
@ |

Experience shows that the rate of reaction is influenced by the composition and
the energy of the material. By energy we mean the temperature (random kinetic
energy of the molecules), the light intensity within the system (this may affect

13
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Steady-state flow

Batch Plug flow Mixed flow

f

Uniform composition Fluid passes through the reactor Uniformly mixed, same
everywhere in the reactor, with no mixing of earlier and later composition everywhere,
but of course the entering fluid, and with no overtaking. within the reactor and
composition changes It is as if the fluid moved in single at the exit.

with time. file through the reactor.

Figure 2.1 Ideal reactor types.

the bond energy between atoms), the magnetic field intensity, etc. Ordinarily
we only need to consider the temperature, so let us focus on this factor. Thus,
we can write

1-a activation
mol ol |1 ener
m3 s gy

temperature concentration
kCA kor e

-r, =f | dependent , dependent examp 3 )
reaction /t;mperature

terms terms
order dependent term

2

Here are a few words about the concentration-dependent and the temperature-
dependent terms of the rate.

21 CONCENTRATION-DEPENDENT TERM OF A RATE EQUATION

Before we can find the form of the concentration term in a rate expression, we
must distinguish between different types of reactions. This distinction is based
on the form and number of kinetic equations used to describe the progress of
reaction. Also, since we are concerned with the concentration-dependent term
of the rate equation, we hold the temperature of the system constant.

Single and Multiple Reactions

First of all, when materials react to form products it is usually easy to decide
after examining the stoichiometry, preferably at more than one temperature,
whether we should consider a single reaction or a number of reactions to be oc-
curring.

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,
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then more than one kinetic expression is needed to follow the changing composi-
tion of all the reaction components, and we have multiple reactions.

Multiple reactions may be classified as:
series reactions,

A—>R—S

parallel reactions, which are of two types

R A—R
/
A and
N
S B—S
competitive side by side

and more complicated schemes, an example of which is

A+B—>R
R+B—S

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

Elementary and Nonelementary Reactions

Consider a single reaction with stoichiometric equation
A+B—R

If we postulate that the rate-controlling mechanism involves the collision or
interaction of a single molecule of A with a single molecule of B, then the number
of collisions of molecules A with B is proportional to the rate of reaction. But
at a given temperature the number of collisions is proportional to the concentra-
tion of reactants in the mixture; hence, the rate of disappearance of A is given by

N kCACB

Such reactions in which the rate equation corresponds to a stoichiometric equa-
tion are called elementary reactions.

When there is no direct correspondence between stoichiometry and rate, then
we have nonelementary reactions. The classical example of a nonelementary
reaction is that between hydrogen and bromine,

H, + Br,— 2HBr
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which has a rate expression*

ki[H,][Br,]"2

Tubr = 11 [HB1]/[Br,] ®

Nonelementary reactions are explained by assuming that what we observe as
a single reaction is in reality the overall effect of a sequence of elementary
reactions. The reason for observing only a single reaction rather than two or
more elementary reactions is that the amount of intermediates formed is negligi-
bly small and, therefore, escapes detection. We take up these explanations later.

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 re-
action.

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:

—ry=kC4Ch...Ch, a+b+---+d=n )]

where a, b, ..., d are not necessarily related to the stoichiometric coefficients.
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

Since the order refers to the empirically found rate expression, it can have a

fractional value and need not be an integer. However, the molecularity of a
reaction must be an integer because it refers to the mechanism of the reaction,
and can only apply to an elementary reaction.

For rate expressions not of the form of Eq. 4, such as Eq. 3, it makes no sense
to use the term reaction order.

Rate Constant k

When the rate expression for a homogeneous chemical reaction is written in the
form of Egq. 4, the dimensions of the rate constant k for the nth-order reaction are

(time)~!(concentration)! ™" 5)

* To eliminate much writing, in this chapter we use square brackets to indicate concentrations. Thus,

Cyg, = [HBr]
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which for a first-order reaction becomes simply
(time)™! (©)

Representation of an Elementary Reaction

In expressing a rate we may use any measure equivalent to concentration (for
example, partial pressure), in which case

ra=kpiph. . .ph

Whatever measure we use leaves the order unchanged; however, it will affect
the rate constant k.

For brevity, elementary reactions are often represented by an equation showing
both the molecularity and the rate constant. For example,

2A —50R )

represents a biomolecular irreversible reaction with second-order rate constant
k,, implying that the rate of reaction is

—ra=rr =k Ch
It would not be proper to write Eq. 7 as

ky
A—R

for this would imply that the rate expression is
—ra = 1r = k1Cy
Thus, we must be careful to distinguish between the one particular equation that
represents the elementary reaction and the many possible representations of the
stoichiometry.
We should note that writing the elementary reaction with the rate constant,
as shown by Eq. 7, may not be sufficient to avoid ambiguity. At times it may be

necessary to specify the component in the reaction to which the rate constant is
referred. For example, consider the reaction,

B+2D—3T ®)
If the rate is measured in terms of B, the rate equation is

—rp = kgCpCh
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If it refers to D, the rate equation is
—rp = kpCpCh

Or if it refers to the product T, then

rr = krCgCh
But from the stoichiometry
= %r D=3
hence,
k=3 ko =3k ®

In Eq. 8, which of these three k values are we referring to? We cannot tell.
Hence, to avoid ambiguity when the stoichiometry involves different numbers
of molecules of the various components, we must specify the component be-
ing considered.

To sum up, the condensed form of expressing the rate can be ambiguous. To
eliminate any possible confusion, write the stoichiometric equation followed by
the complete rate expression, and give the units of the rate constant.

Representation of a Nonelementary Reaction
A nonelementary reaction is one whose stoichiometry does not match its kinetics.
For example,
Stoichiometry: N, + 3H, <=2NH,

[N [HL] ) [NH,]
[NEL,P 7 [H,]?

Rate: ne, = Ky

This nonmatch shows that we must try to develop a multistep reaction model
to explain the kinetics.

Kinetic Models for Nonelementary Reactions

To explain the kinetics of nonelementary reactions we assume that a sequence
of elementary reactions is actually occurring but that we cannot measure or
observe the intermediates formed because they are only present in very minute
quantities. Thus, we observe only the initial reactants and final products, or what
appears to be a single reaction. For example, if the kinetics of the reaction

A, +B,—>2AB
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indicates that the reaction is nonelementary, we may postulate a series of elemen-
tary steps to explain the kinetics, such as
A,22A*

A*+ B,2 AB + B*

A* + B*2 AB
where the asterisks refer to the unobserved intermediates. To test our postulation
scheme, we must see whether its predicted kinetic expression corresponds to ex-
periment.

The types of intermediates we may postulate are suggested by the chemistry
of the materials. These may be grouped as follows.

Free Radicals. Free atoms or larger fragments of stable molecules that contain
one or more unpaired electrons are called free radicals. The unpaired electron

is designated by a dot in the chemical symbol for the substance. Some free
radicals are relatively stable, such as triphenylmethyl,

& )¢

but as a rule they are unstable and highly reactive, such as
CH;, C,Hs, I, H:, CCly

Ions and Polar Substances. Electrically charged atoms, molecules, or fragments
of molecules, such as

N;, Na*, OH-, H,;0*, NH;, CH;OHj, I°
are called ions. These may act as active intermediates in reactions.
Molecules. Consider the consecutive reactions
A—R—S
Ordinarily these are treated as multiple reactions. However, if the intermediate
R is highly reactive its mean lifetime will be very small and its concentration in

the reacting mixture can become too small to measure. In such a situation R
may not be observed and can be considered to be a reactive intermediate.
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Transition Complexes. The numerous collisions between reactant molecules
result in a wide distribution of energies among the individual molecules. This
can result in strained bonds, unstable forms of molecules, or unstable association
of molecules which can then either decompose to give products, or by further
collisions return to molecules in the normal state. Such unstable forms are called
transition complexes.

Postulated reaction schemes involving these four kinds of intermediates can
be of two types.

Nonchain Reactions. In the nonchain reaction the intermediate is formed in
the first reaction and then disappears as it reacts further to give the product. Thus,
Reactants — (Intermediates)*
(Intermediates)* — Products
Chain Reactions. In chain reactions the intermediate is formed in a first reaction,
called the chain initiation step. It then combines with reactant to form product and
more intermediate in the chain propagation step. Occasionally the intermediate is
destroyed in the chain termination step. Thus,
Reactant — (Intermediate)* Initiation
(Intermediate)* + Reactant — (Intermediate)* + Product Propagation
(Intermediate)* — Product Termination
The essential feature of the chain reaction is the propagation step. In this step
the intermediate is not consumed but acts simply as a catalyst for the conversion
of material. Thus, each molecule of intermediate can catalyze a long chain of

reactions, even thousands, before being finally destroyed.
The following are examples of mechanisms of various kinds.

1. Free radicals, chain reaction mechanism. The reaction
H, + Br,—2HBr
with experimental rate

_ k;[H,][Br,]"?
"HBr = 4 [HBr)/[Br,]

can be explained by the following scheme which introduces and involves
the intermediates H- and Br-,
Br,<2Br- Initiation and termination
Br- + Hy2HBr + H- Propagation
H- + Br,—HBr + Br: Propagation
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2. Molecular intermediates, nonchain mechanism. The general class of en-
zyme-catalyzed fermentation reactions

with

enzyme

with experimental rate

_ KAJ[E ]

"R M] + [A]
L constant

is viewed to proceed with intermediate (A- enzyme)* as follows:

A + enzyme 2 (A- enzyme)*
(A- enzyme)* —R + enzyme

In such reactions the concentration of intermediate may become more than
negligible, in which case a special analysis, first proposed by Michaelis and
Menten (1913), is required.

3. Transition complex, nonchain mechanism. The spontaneous decomposition
of azomethane

(CH;),N,—~>CH;+N, or A—R+S

exhibits under various conditions first-order, second-order, or intermediate
kinetics. This type of behavior can be explained by postulating the existence
of an energized and unstable form for the reactant, A*. Thus,

A+A—A*+A Formation of energized molecule
A*+ A—>A+A Return to stable form by collision

A*—>R+S Spontaneous decomposition into products

Lindemann (1922) first suggested this type of intermediate.

Testing Kinetic Models

Two problems make the search for the correct mechanism of reaction difficult.
First, the reaction may proceed by more than one mechanism, say free radical
and ionic, with relative rates that change with conditions. Second, more than
one mechanism can be consistent with kinetic data. Resolving these problems
is difficult and requires an extensive knowledge of the chemistry of the substances
involved. Leaving these aside, let us see how to test the correspondence between
experiment and a proposed mechanism that involves a sequence of elemen-
tary reactions.
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In these elementary reactions we hypothesize the existence of either of two
types of intermediates.

Type 1. An unseen and unmeasured intermediate X usually present at such
small concentration that its rate of change in the mixture can be taken to be
zero. Thus, we assume

[X]issmall and d—gt(—]- =0

This is called the steady-state approximation. Mechanism types 1 and 2, above,
adopt this type of intermediate, and Example 2.1 shows how to use it.

Type 2. Where a homogeneous catalyst of initial concentration C, is present in
two forms, either as free catalyst C or combined in an appreciable extent to
form intermediate X, an accounting for the catalyst gives

[Col = [C] + [X]

We then also assume that either

dX _

ar

or that the intermediate is in equilibrium with its reactants; thus,

L/ .
(reactant) + <catalyst> - (mtermedlate)

A c )% X
where
_k__[X]
K= T Al

Example 2.2 and Problem 2.23 deal with this type of intermediate.
The trial-and-error procedure involved in searching for a mechanism is illus-
trated in the following two examples.

SEARCH FOR THE REACTION MECHANISM

The irreversible reaction
A + B = AB (10)

has been studied kinetically, and the rate of formation of product has been found
to be well correlated by the following rate equation:

rap = kC%. . .independent of C,. 11
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What reaction mechanism is suggested by this rate expression if the chemistry
of the reaction suggests that the intermediate consists of an association of reactant
molecules and that a chain reaction does not occur?

SOLUTION
If this were an elementary reaction, the rate would be given by
rap = kC,Cy = k[A][B] 12)

Since Eqgs. 11 and 12 are not of the same type, the reaction evidently is nonelemen-
tary. Consequently, let us try various mechanisms and see which gives a rate
expression similar in form to the experimentally found expression. We start with
simple two-step models, and if these are unsuccessful we will try more complicated
three-, four-, or five-step models.

Model 1. Hypothesize a two-step reversible scheme involving the formation of
an intermediate substance A, not actually seen and hence thought to be present
only in small amounts. Thus,

k.
2A<T;>A§"
2

13)
k.
Af + B<-73—>A + AB
4

which really involves four elementary reactions
2A 25 A3 4)
AF—2>2A a5)
Af +B—>A + AB (16)

A+AB—>As +B an

Let the k values refer to the components disappearing; thus, k; refers to A, k,
refers to A¥, etc.

Now write the expression for the rate of formation of AB. Since this component
is involved in Eqs. 16 and 17, its overall rate of change is the sum of the individual
rates. Thus,

ras = k3[A¥][B] — k[A][AB] (18)
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Because the concentration of intermediate A% is so small and not measurable,
the above rate expression cannot be tested in its present form. So, replace [A%]
by concentrations that can be measured, such as [A], [B], or [AB]. This is done
in the following manner. From the four elementary reactions that all involve A%
we find

as = 3 IAF = KIAF] - K[AF][B] + k[A][AB] 19

Because the concentration of A% is always extremely small we may assume that
its rate of change is zero or

ray =0 (20)

This is the steady-state approximation. Combining Eqgs. 19 and 20 we then find

SIAF + K[AJIAB]

[Af]= k, + ky[B]

21

which, when replaced in Eq. 18, simplifying and cancelling two terms (two terms
will always cancel if you are doing it right), gives the rate of formation of AB
in terms of measurable quantities. Thus,

S Kk AF[B] - Kok AJ[AB]

Tan = k, + ky[B] @2)

In searching for a model consistent with observed kinetics we may, if we wish,
restrict a more general model by arbitrarily selecting the magnitude of the various
rate constants. Since Eq. 22 does not match Eq. 11, let us see if any of its
simplified forms will. Thus, if k, is very small, this expression reduces to

aB = ‘12"k1[A]2 (23)

If k, is very small, r,5 reduces to

- (kyk3/2k)) [AT[B]
AB T 1+ (ky/ky)[B]

249

Neither of these special forms, Eqs. 23 and 24, matches the experimentally found
rate, Eq. 11. Thus, the hypothesized mechanism, Eq. 13, is incorrect, so another
needs to be tried.
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Model 2. First note that the stoichiometry of Eq. 10 is symmetrical in A and
B, so just interchange A and B in Model 1, put k, = 0 and we will get 7,5 =
k[BJ?, which is what we want. So the mechanism that will match the second-
order rate equation is

B + B—Bj

3 (25)
A+Bj=AB+B

We are fortunate in this example to have represented our data by a form of
equation which happened to match exactly that obtained from the theoretical
mechanism. Often a number of different equation types will fit a set of experimen-
tal data equally well, especially for somewhat scattered data. Hence, to avoid
rejecting the correct mechanism, it is advisable to test the fit of the various
theoretically derived equations to the raw data using statistical criteria whenever
possible, rather than just matching equation forms. .

SEARCH FOR A MECHANISM FOR THE ENZYME-
SUBSTRATE REACTION

Here, a reactant, called the substrate, is converted to product by the action of
an enzyme, a high molecular weight (mw > 10 000) protein-like substance. An
enzyme is highly specific, catalyzing one particular reaction, or one group of
reactions. Thus,

enzyme
B —

A R

Many of these reactions exhibit the following behavior:

1. A rate proportional to the concentration of enzyme introduced into the
mixture [Eg].

2. At low reactant concentration the rate is proportional to the reactant con-
centration, [A].

3. At high reactant concentration the rate levels off and becomes independent
of reactant concentration.

Propose a mechanism to account for this behavior.
SOLUTION

Michaelis and Menten (1913) were the first to solve this puzzle. (By the way,
Michaelis received the Nobel prize in chemistry.) They guessed that the reaction
proceeded as follows

1
A+E2X
g (26)

X>R+E



26  Chapter 2 Kinetics of Homogeneous Reactions

with the two assumptions

[Eo] = [E] + [X] 27
and
dX _
FT 0 (28)

First write the rates for the pertinent reaction components of Eq. 26. This gives

9B i @9)
and
AUX] _ [AYE] - KX] — KofX] =0 (3)

Eliminating [E] from Egs. 27 and 30 gives

__ k[A]E(]
X = s k) + kAl v
and when Eq. 31 is introduced into Eq. 29 we find
dR] _  kk[A][E)] _ K[A][E]
dt  (k,+ky) +k[A]  [M]+[A]
(32)

M] = is called
ky

the Michaelis constant

By comparing with experiment, we see that this equation fits the three re-
ported facts:

oc [Ey]
o« [A] when [A]<[M]
isindependentof [A] when [A]> [M]

—d[A]_ﬂlﬂ
dt  dt

For more discussion about this reaction, see Problem 2.23.
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2.2 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

r; = fi(temperature) - f,(composition) 33)
= k- f,(composition)

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:

k = ke ERT (34)

where k; is called the frequency or pre-exponential factor and E is called the
activation energy of the reaction.* This expression fits experiment well over wide
temperature ranges and is strongly suggested from various standpoints as being
a very good approximation to the true temperature dependency.

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

ry k2 E/1 1
l —_—= — T — —— —
nrl ! ki R <T1 Tz) G
provided that E stays constant.
Comparison of Theories with Arrhenius’ Law
The expression
k=kyTre BRI 0=m<=1 (36)

summarizes the predictions of the simpler versions of the collision and transition
state theories for the temperature dependency of the rate constant. For more
complicated versions m can be as great as 3 or 4. Now, because the exponential
term is so much more temperature-sensitive than the pre-exponential term, the
variation of the latter with temperature is effectively masked, and we have
in effect

k = ke B/RT (34)

* There seems to be a disagreement in the dimensions used to report the activation energy; some
authors use joules and others use joules per mole. However, joules per mole are clearly indicated
in Eq. 34.

But what moles are we referring to in the units of E? This is unclear. However, since E and R
always appear together, and since they both refer to the same number of moles, this bypasses the
problem. This whole question can be avoided by using the ratio E/R throughout.
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Figure 2.2 Sketch showing temperature dependency of the reaction rate.

This shows that Arrhenius’ law is a good approximation to the temperature
dependency of both collision and transition-state theories.

Activation Energy and Temperature Dependency

The temperature dependency of reactions is determined by the activation energy
and temperature level of the reaction, as illustrated in Fig. 2.2 and Table 2.1.
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; reac-
tions with low activation energies are relatively temperature-insensitive.

Table 2.1 Temperature Rise Needed to Double the Rate of Reaction for
Activation Energies and Average Temperatures Shown®

Activation Energy E

Average
Temperature 40 kJ/mol 160 kJ/mol 280 kJ/mol 400 kJ/mol
0°C 11°C 2.7°C 1.5°C 1.1°C
400°C 65 16 93 6.5
1000°C 233 58 33 23
2000°C 744 185 106 74

“ Shows temperature sensitivity of reactions.
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3. Any given reaction is much more temperature-sensitive at alow temperature
than at a high temperature.

4. From the Arrhenius law, the value of the frequency factor &, does not affect
the temperature sensitivity.

SEARCH FOR THE ACTIVATION ENERGY OF A
PASTEURIZATION PROCESS

Milk is pasteurized if it is heated to 63°C for 30 min, but if it is heated to
74°C it only needs 15 s for the same result. Find the activation energy of this
sterilization process.

SOLUTION

To ask for the activation energy of a process means assuming an Arrhenius
temperature dependency for the process. Here we are told that

t,=30min ata T7;=336K
,=15sec ata T,=347K

Now the rate is inversely proportional to the reaction time, or rate « 1/time so
Eq. 35 becomes

or
mo_ E (1 1
025 8314\336 347
from which the activation energy

E = 422 000 J/mol

2.3 SEARCHING FOR A MECHANISM

The more we know about what is occurring during reaction, what the reacting
materials are, and how they react, the more assurance we have for proper design.
This is the incentive to find out as much as we can about the factors influencing
a reaction within the limitations of time and effort set by the economic optimiza-
tion of the process. ‘

There are three areas of investigation of a reaction, the stoichiometry, the
kinetics, and the mechanism. In general, the stoichiometry is studied first, and
when this is far enough along, the kinetics is then investigated. With empirical
rate expressions available, the mechanism is then looked into. In any investigative
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program considerable feedback of information occurs from area to area. For
example, our ideas about the stoichiometry of the reaction may change on the
basis of kinetic data obtained, and the form of the kinetic equations themselves
may be suggested by mechanism studies. With this kind of relationship of the
many factors, no straightforward experimental program can be formulated for
the study of reactions. Thus, it becomes a matter of shrewd scientific detective
work, with carefully planned experimental programs especially designed to dis-
criminate between rival hypotheses, which in turn have been suggested and
formulated on the basis of all available pertinent information.

Although we cannot delve into the many aspects of this problem, a number
of clues that are often used in such experimentation can be mentioned.

1. Stoichiometry can tell whether we have a single reaction or not. Thus, a
complicated stoichiometry

A —1.45R + 0.85S

or one that changes with reaction conditions or extent of reaction is clear
evidence of multiple reactions.

Stoichiometry can suggest whether a single reaction is elementary or not
because no elementary reactions with molecularity greater than three have
been observed to date. As an example, the reaction

N

N, + 3H, —2NH,

is not elementary.

3. A comparison of the stoichiometric equation with the experimental kinetic

expression can suggest whether or not we are dealing with an elementary re-

action.

A large difference in the order of magnitude between the experimentally

found frequency factor of a reaction and that calculated from collision

theory or transition-state theory may suggest a nonelementary reaction;
however, this is not necessarily true. For example, certain isomerizations
have very low frequency factors and are still elementary.

5. Consider two alternative paths for a simple reversible reaction. If one of
these paths is preferred for the forward reaction, the same path must also be
preferred for the reverse reaction. This is called the principle of microscopic
reversibility. Consider, for example, the forward reaction of

e

2NH, =N, + 3H,

At afirst sight this could very well be an elementary biomolecular reaction
with two molecules of ammonia combining to yield directly the four product
molecules. From this principle, however, the reverse reaction would then
also have to be an elementary reaction involving the direct combination of
three molecules of hydrogen with one of nitrogen. Because such a process
is rejected as improbable, the bimolecular forward mechanism must also
be rejected.

6. The principle of microreversibility also indicates that changes involving
bond rupture, molecular syntheses, or splitting are likely to occur one at a
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time, each then being an elementary step in the mechanism. From this point
of view, the simultaneous splitting of the complex into the four product
molecules in the reaction

2NH, — (NH,)§ —N, + 3H,

is very unlikely. This rule does not apply to changes that involve a shift in
electron density along a molecule, which may take place in a cascade-like
manner. For example, the transformation

CH,=CH— CH,—O— CH=CH, - CH,=CH— CH,— CH,— CHO

vinyl allyl ether n-pentaldehyde-ene 4

can be expressed in terms of the following shifts in electron density:

H H
~ ~
CH,=C CH—C
> A\ / N\
CH, (O —cCcH, O
N2y N \
CH--CH, CH=CH,
or
H H
~ ~
CH,=C CH—C
S /N
CHy O —CH, O
\\"/ {’ 7 \
CH--CH, CH=CH,

7. For multiple reactions a change in the observed activation energy with
temperature indicates a shift in the controlling mechanism of reaction. Thus,
for an increase in temperature E  rises for reactions or steps in parallel,
E,, falls for reactions or steps in series. Conversely, for a decrease in
temperature E, falls for reactions in parallel, E g, rises for reactions in
series. These findings are illustrated in Fig. 2.3.

Mech. 1
Mech. 1 Mech. 2
1 A /M—\ R 1 A—>» X —>R
High E

Ink
Low E

High T Low T High T Low T
ur ur .

Figure 2.3 A change in activation energy indicates a shift in
controlling mechanism of reaction.
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2.4 PREDICTABILITY OF REACTION RATE FROM THEORY
Concentration-Dependent Term

If a reaction has available a number of competing paths (e.g., noncatalytic and
catalytic), it will in fact proceed by all of these paths, although primarily by the
one of least resistance. This path usually dominates. Only a knowledge of the
energies of all possible intermediates will allow prediction of the dominant path
and its corresponding rate expression. As such information cannot be found in
the present state of knowledge, a priori prediction of the form of the concentra-
tion term is not possible. Actually, the form of the experimentally found rate
expression is often the clue used to investigate the energies of the intermediates
of a reaction.

Temperature-Dependent Term

Assuming that we already know the mechanism of reaction and whether or not
it is elementary, we may then proceed to the prediction of the frequency factor
and activation energy terms of the rate constant.

If we are lucky, frequency factor predictions from either collision or transition-
state theory may come within a factor of 100 of the correct value; however, in
specific cases predictions may be much further off.

Though activation energies can be estimated from transition-state theory,
reliability is poor, and it is probably best to estimate them from the experimental
findings for reactions of similar compounds. For example, the activation energies
of the following homologous series of reactions

ethanol

where R is

CH; CH;s iso-CH; sec-C;H,
CH; CgH;; iso-CiHy; sec-CiHys
CH, CyHj iso-CH;; sec-CgHy;
CH,

all lie between 90 and 98 kJ.

Use of Predicted Values in Design

The frequent order-of-magnitude predictions of the theories tend to confirm the
correctness of their representations, help find the form and the energies of various
intermediates, and give us a better understanding of chemical structure. However,
theoretical predictions rarely match experiment by a factor of two. In addition,
we can never tell beforehand whether the predicted rate will be in the order of
magnitude of experiment or will be off by a factor of 10°. Therefore, for engi-
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neering design, this kind of information should not be relied on and experimen-
tally found rates should be used in all cases. Thus, theoretical studies may be
used as a supplementary aid to suggest the temperature sensitivity of a given
reaction from a similar type of reaction, to suggest the upper limits of reaction
rate, etc. Design invariably relies on experimentally determined rates.

RELATED READING

Jungers, J. C,, et al., Cinétique chimique appliquée, Technip, Paris, 1958.
Laidler, K. J., Chemical Kinetics, 2nd ed., Harper and Row, New York, 1987.
Moore, W. J., Basic Physical Chemistry, Prentice-Hall, Upper Saddle River, NJ, 1983.
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PROBLEMS

2.1. A reaction has the stoichiometric equation A + B = 2R. What is the order
of reaction?

2.2. Given the reaction 2NO, + % 0, = N,O,, what is the relation between

the rates of formation and disappearance of the three reaction components?

2.3. A reaction with stoichiometric equation % A+B=R+ % S has the

following rate expression
—Fp = 2C9\5CB

What is the rate expression for this reaction if the stoichiometric equation
is written as A + 2B = 2R + §?

2.4. For the enzyme-substrate reaction of Example 2, the rate of disappearance
of substrate is given by

_ 1760[A][E,]

- 3.
A 6+C, ° mol/m?-s

What are the units of the two constants?
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2.5. For the complex reaction with stoichiometry A + 3B — 2R + S and with
second-order rate expression

—ra = k[A][B]

are the reaction rates related as follows: r, = rg = rg? If the rates are not
so related, then how are they related? Please account for the signs, + or —.

2.6. A certain reaction has a rate given by
—ry = 0.005C%,  mol/cm* min

If the concentration is to be expressed in mol/liter and time in hours, what
would be the value and units of the rate constant?

2.7. For a gas reaction at 400 K the rate is reported as

dps _
dt

3.66p%,  atm/hr

(a) What are the units of the rate constant?
(b) What is the value of the rate constant for this reaction if the rate
equation is expressed as

—ry=—-———=kC%, mol/m3s

2.8. The decomposition of nitrous oxide is found to proceed as follows:

1 _ Kk [N,O?

What is the order of this reaction with respect to N,O, and overall?

2.9. The pyrolysis of ethane proceeds with an activation energy of about 300
kJ/mol. How much faster is the decomposition at 650°C than at 500°C?

2.10. A 1100-K n-nonane thermally cracks (breaks down into smaller molecules)
20 times as rapidly as at 1000 K. Find the activation energy for this decompo-
sition.

2.11. In the mid-nineteenth century the entomologist Henri Fabre noted that
French ants (garden variety) busily bustled about their business on hot
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days but were rather sluggish on cool days. Checking his results with Oregon
ants, I find

Running speed, m/hr 150 160 230 295 370
Temperature, °C 13 16 22 24 28

What activation energy represents this change in bustliness?

The maximum allowable temperature for a reactor is 800 K. At present
our operating set point is 780 K, the 20-K margin of safety to account for
fluctuating feed, sluggish controls, etc. Now, with a more sophisticated
control system we would be able to raise our set point to 792 K with the
same margin of safety that we now have. By how much can the reaction
rate, hence, production rate, be raised by this change if the reaction taking
place in the reactor has an activation energy of 175 kJ/mol?

Every May 22 I plant one watermelon seed. I water it, I fight slugs, I pray,
I watch my beauty grow, and finally the day comes when the melon ripens.
I then harvest and feast. Of course, some years are sad, like 1980, when a
bluejay flew off with the seed. Anyway, six summers were a pure joy and
for these I've tabulated the number of growing days versus the mean
daytime temperature during the growing season. Does the temperature
affect the growth rate? If so, represent this by an activation energy.

Year 1976 1977 1982 1984 1985 1988
Growing days 87 85 74 78 90 84
Mean temp, °C 220 234 263 243 211 227

On typical summer days, field crickets nibble, jump, and chirp now and
then. But at a night when great numbers congregate, chirping seems to
become a serious business and tends to be in unison. In 1897, A. E. Dolbear
(Am. Naturalist, 31, 970) reported that this social chirping rate was depen-
dent on the temperature as given by

(number of chirps in 15 s) + 40 = (temperature, °F)

Assuming that the chirping rate is a direct measure of the metabolic rate,
find the activation energy in kJ/mol of these crickets in the temperature
range 60-80°F.

On doubling the concentration of reactant, the rate of reaction triples. Find
the reaction order.

For the stoichiometry A + B — (products) find the reaction orders with
respect to A and B.
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Co | 4 1 1 Cy 2 2 3
216, Gy | 1 1 8 217 Cy | 125 64 64
—ra | 2 1 4 —ra 50 32 48

2.18. Show that the following scheme

k
Nzoszk‘zNo2 + NO#
2

NOf —>NO* + O,

NO* + NO# —>2NO,

proposed by R. Ogg, J. Chem. Phys., 15, 337 (1947) is consistent with, and
can explain, the observed first-order decomposition of N,Os.

2.19. The decomposition of reactant A at 400°C for pressures between 1 and
10 atm follows a first-order rate law.
(a) Show that a mechanism similar to azomethane decomposition, p. 21,

A+AZA*+A
A*—>R +8S

is consistent with the observed kinetics.

Different mechanisms can be proposed to explain first-order kinetics. To
claim that this mechanism is correct in the face of the other alternatives
requires additional evidence.

(b) For this purpose, what further experiments would you suggest we run
and what results would you expect to find?

2.20. Experiment shows that the homogeneous decomposition of ozone proceeds
with a rate

—ro, = kK[O3]* [O,]™

(a) What is the overall order of reaction?
(b) Suggest a two-step mechanism to explain this rate and state how you
would further test this mechanism.

2.21. Under the influence of oxidizing agents, hypophosphorous acid is trans-
formed into phosphorous acid:

oxidizing agent

H,PO, H,PO,



2.22,
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The kinetics of this transformation present the following features. At a
low concentration of oxidizing agent,

rupo, = k[oxidizing agent][H;PO,]
At a high concentration of oxidizing agent,
Typo, = k'[H*][H;PO,]

To explain the observed kinetics, it has been postulated that, with hydrogen
ions as catalyst, normal unreactive H;PO, is transformed reversibly into
an active form, the nature of which is unknown. This intermediate then
reacts with the oxidizing agent to give H;PO;. Show that this scheme does
explain the observed kinetics.

Come up with (guess and then verify) a mechanism that is consistent with
the experimentally found rate equation for the following reaction

2A+B—>AB with +r, 5= k[A][B]

Mechanism for enzyme catalyzed reactions. To explain the kinetics of en-
zyme-substrate reactions, Michaelis and Menten (1913) came up with the
following mechanism, which uses an equilibrium assumption

k
A +E=—=X

k2 wi = ————[X] and wi =
) th K TATE] dwith [Ey] = [E] + [X]
X—>R+E

and where [E;] represents the total enzyme and [E] represents the free
unattached enzyme.

G. E. Briggs and J. B. S. Haldane, Biochem J., 19, 338 (1925), on the
other hand, employed a steady-state assumption in place of the equilibrium
assumption

k
A+E=—X

k2 with %—] =0, and [E¢] =[E]+ [X]
X—>R+E

What final rate form —r, in terms of [A], [E], k;, k,, and k; does
(a) the Michaelis-Menten mechanism give?
(b) the Briggs-Haldane mechanism give?
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Interpretation of Batch
Reactor Data

A rate equation characterizes the rate of reaction, and its form may either be
suggested by theoretical considerations or simply be the result of an empirical
curve-fitting procedure. In any case, the value of the constants of the equation
can only be found by experiment; predictive methods are inadequate at present.

The determination of the rate equation is usually a two-step procedure; first
the concentration dependency is found at fixed temperature and then the temper-
ature dependence of the rate constants is found, yielding the complete rate
equation.

Equipment by which empirical information is obtained can be divided into
two types, the batch and flow reactors. The batch reactor is simply a container
to hold the contents while they react. All that has to be determined is the extent
of reaction at various times, and this can be followed in a number of ways,
for example:

1. By following the concentration of a given component.

2. By following the change in some physical property of the fluid, such as the
electrical conductivity or refractive index.

3. By following the change in total pressure of a constant-volume system.

4. By following the change in volume of a constant-pressure system.

The experimental batch reactor is usually operated isothermally and at constant
volume because it is easy to interpret the results of such runs. This reactor is a
relatively simple device adaptable to small-scale laboratory set-ups, and it needs
but little auxiliary equipment or instrumentation. Thus, it is used whenever
possible for obtaining homogeneous kinetic data. This chapter deals with the
batch reactor.

The flow reactor is used primarily in the study of the kinetics of heterogeneous
reactions. Planning of experiments and interpretation of data obtained in flow
reactors are considered in later chapters.

There are two procedures for analyzing kinetic data, the integral and the
differential methods. In the integral method of analysis we guess a particular
form of rate equation and, after appropriate integration and mathematical manip-
ulation, predict that the plot of a certain concentration function versus time



3.1 Constant-Volume Batch Reactor 39

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 (1/V)(dN/dt) from the data before
attempting the fitting procedure.

There are advantages and disadvantages to each method. The integral method
is easy to use and is recommended when testing specific mechanisms, or relatively
simple rate expressions, or when the data are so scattered that we cannot reliably
find the derivatives needed in the differential method. The differential method
is useful in more complicated situations but requires more accurate or larger
amounts of data. The integral method can only test this or that particular mecha-
nism or rate form; the differential method can be used to develop or build up
a rate equation to fit the data.

In general, it is suggested that integral analysis be attempted first, and, if not
successful, that the differential method be tried.

3.1 CONSTANT-VOLUME BATCH REACTOR

When we mention the constant-volume batch reactor we are really referring 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 be-
comes

"TV a4 adr @

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

1 dp;
"TRT At @)

Thus, the rate of reaction of any component is given by the rate of change of
its concentration or partial pressure; so no matter how we choose to follow
the progress of the reaction, we must eventually relate this measure to the
concentration or partial pressure if we are to follow the rate of reaction.

For gas reactions with changing numbers of moles, a simple way of finding
the reaction rate is to follow the change in total pressure 7 of the system. Let
us see how this is done.

Analysis of Total Pressure Data Obtained in a Constant-Volume System. For
isothermal gas reactions where the number of moles of material changes during
reaction, let us develop the general expression which relates the changing total
pressure of the system 7 to the changing concentration or partial pressure of
any of the reaction components.
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Write the general stoichiometric equation, and under each term indicate the
number of moles of that component:

aA + bB +oe= rR + sS + -
Attime 0: Nao Ny Nyo Ngo Nient
Attimes: Ny=Npy—ax  Ng= Ngy— bx Ng=Ngo+rx  Ng=Ng+sx Ninert

Initially the total number of moles present in the system is
Ny = Npg+ Ngg+ =+ -+ Ngg + Ngg + =+ + Nige
but at time ¢ it is
N=Ny+x(r+s+--+—a-b—---)=N;+xAn 3)
where
An=r+s+-+-—a—-b-—---

Assuming that the ideal gas law holds, we may write for any reactant, say Ain
the system of volume V

Crmgg =y =" @

or

a
Pa=CaART =pyo— An (m — mp) 5)

Equation 5 gives the concentration or partial pressure of reactant A as a function
of the total pressure 7 at time ¢, initial partial pressure of A, p,., and initial total
pressure of the system, .

Similarly, for any product R we can find

,
Pr = CGRRT = pgo + An (m — mp) ©6)

Equations 5 and 6 are the desired relationships between total pressure of the
system and the partial pressure of reacting materials.

It should be emphasized that if the precise stoichiometry is not known, or if
more than one stoichiometric equation is needed to represent the reaction, then
the “total pressure” procedure cannot be used.
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The Conversion. Let us introduce one other useful term, the fractional conver-
sion, or the fraction of any reactant, say A, converted to something else, or the
fraction of A reacted away. We call this, simply, the conversion of A, with
symbol X,.

Suppose that N, is the initial amount of A in the reactor at time ¢ = 0, and
that N, is the amount present at time ¢. Then the conversion of A in the constant
volume system is given by

Nuo — Nu NV Cy
X, = =1- =1-—A 7
AT Na NV ' Cy ™
and
_dc,
dXA CAO (8)

We will develop the equations in this chapter in terms of concentration of reaction
components and also in terms of conversions.

Later we will relate X, and C, for the more general case where the volume
of the system does not stay constant.

Integral Method of Analysis of Data

General Procedure. The integral method of analysis always puts a particular
rate equation to the test by integrating and comparing the predicted C versus ¢
curve with the experimental C versus ¢ data. If the fit is unsatisfactory, another
rate equation is guessed and tested. This procedure is shown and used in the
cases next treated. It should be noted that the integral method is especially useful
for fitting simple reaction types corresponding to elementary reactions. Let us
take up these kinetic forms.

Irreversible Unimolecular-Type First-Order Reactions. Consider the reaction
A — products )]

Suppose we wish to test the first-order rate equation of the following type,
ra=——==kCy, 10)

for this reaction. Separating and integrating we obtain

CA dCA
chO Cy kf d
or
C
—In=2 =kt a1
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In terms of conversion (see Egs. 7 and 8), the rate equation, Eq. 10, becomes

which on rearranging and integrating gives

S

or

~In(1 - X,) =kt (12)

A plotof In (1 — X,) or In (C,/Cy,) vs. t, as shown in Fig. 3.1, gives a straight
line through the origin for this form of rate of equation. If the experimental data
seems to be better fitted by a curve than by a straight line, try another rate form
because the first-order reaction does not satisfactorily fit the data.

Caution. We should point out that equations such as

_dcy

A = kCyecy!

are first order but are not amenable to this kind of analysis; hence, not all first-
order reactions can be treated as shown above.

Irreversible Bimolecular-Type Second-Order Reactions. Consider the re-

action
A + B —products (13a)
Q

Sl .

£

[l

5 o

>|2z . Eq. 11 or 12

=l Slope =k

=

[ o]

o
0
0

t
Figure 3.1 Test for the first-order rate equation, Eq. 10.
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with corresponding rate equation

ac dac
rA = —-d—tA = '——LE‘B— = kCACB (13b)

Noting that the amounts of A and B that have reacted at any time ¢ are equal
and given by C,(X,, we may write Egs. 13a and b in terms of X, as

axX,
CAO dr k(CAO CAOXA)(CBO - CAOXA)

Letting M = Cgy/C,, be the initial molar ratio of reactants, we obtain

dX,
ra= Cao—g = kCho(l = X )(M — X,)

which on separation and formal integration becomes

X, aX,
(I - X)WM - X,)

= Cyk f 't

After breakdown into partial fractions, integration, and rearrangement, the final
result in a number of different forms is

1 - XB M - XA CBCAO CB
=In =In =In
1 - XA M(]. - XA) CBOCA MCA (14)

= CAO(M - 1)kt = (CBO - CAO)kta M # 1

In

Figure 3.2 shows two equivalent ways of obtaining a linear plot between the
concentration function and time for this second-order rate law.

Q| ©
Eq. 14 e
SIS
&S < o
£ o °
Slope = (CBO - CAo)k <
=i Eq. 14
N In =89 _| (g
ntercept = In —0 nM :; Slope = (Cgg — Caghk
0 > 0 —>
0 0

t t

Figure 3.2 Test for the bimolecular mechanism A + B—R with C,, # Cp,
or for the second-order reaction, Eq. 13.
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If Cg, is much larger than C,,, Cy remains approximately constant at all times,
and Eq. 14 approaches Eq. 11 or 12 for the first-order reaction. Thus, the second-
order reaction becomes a pseudo first-order reaction.

Caution 1. In the special case where reactants are introduced in their stoichio-
metric 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 concentra-
tions of A and B, or for the reaction

2A — products (15a)
the defining second-order differential equation becomes

dC
ra= =2 =kCh=kCh(1 - X,)? (15b)

which on integration yields

A (16)

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

A + 2B — products (17a)

J \

3 Eq. 16

|
S
Slope = CAOk
0 > 0 >

0 0

t t

Figure 3.3 Test for the bimolecular mechanisms, A + B—R with Cyy = Cg,
or for the second-order reaction of Eq. 15.
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is first order with respect to both A and B, hence second order overall, or

dc
FA = — Eé = kCACp = kCho (1 — X, )(M — 2X,) (17b)

The integrated form is

CBCAO_l M_ZXA

In =In
CpoCa M(1-X,)

= Cpo(M — 2)kt, M#2 18)

When a stoichiometric reactant ratio is used the integrated form is

1 1 1 X4

=— = 2kt, M=2
Cr Cay Crnl-2X, 19

These two cautions apply to all reaction types. Thus, special forms for the
integrated expressions appear whenever reactants are used in stoichiometric
ratios, or when the reaction is not elementary.

Irreversible Trimolecular-Type Third-Order Reactions. For the reaction

A + B + D — products (20a)
let the rate equation be
dac
Tra= TtA = kCoCgCp (20b)

or in terms of X,

aX C C
CAOTtA =kCi(1 - X,) <Z~‘i‘3 - XA> <C_zz - XA)

On separation of variables, breakdown into partial fractions, and integration,
we obtain after manipulation

1 In ﬁ + 1 In %
(Cao = Co)(Cap— Cpp)  Ca (Cpy— Cpg)(Cy— Cap) Gy @1
C
1 n—2= ks

+
(CDO - CAO)(CDO - CBO) CD

Now if Cp, is much larger than both C,, and Cg, the reaction becomes second
order and Eq. 21 reduces to Eq. 14.
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All trimolecular reactions found so far are of the form of Eq. 22 or 25. Thus

dcC
A+2B—R with —r,=— _dTA =kC,C} (22)

In terms of conversions the rate of reaction becomes

ax, _

dt kCho (1 — X)) (M — 2X,5)?

where M = Cyy/Cy,. On integration this gives

(2Ca0 — Coo)(Cao — Gp) +In CaoCs _
CpoC CaCro

(2Cao— Cyo)kt, M#2 | (23)

or

1 1

— — —— = 8kt, M=2 24
GG Ch @

Similarly, for the reaction

A+B—R with —ry,=——==kC,C} (25)

integration gives

(Cao — Cpo)(Cyo — Cs) CaoCs
+In = (Cpg — Cpgo)?kt, M#1 2
CoCa CuoCa (Cao B0) (26)
or
L—L2=2kt, M=1 27
Ci A0

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

A= ——2=kCy (28)

which on separation and integration yields

Ck—n - ClA-On = (n - 1)kt, n#l 29)
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The order n cannot be found explicitly from Eq. 29, so a trial-and-error solution
must be made. This is not too difficult, however. Just select a value for n and
calculate k. The value of n which minimizes the variation in k is the desired
value of n.

One curious feature of this rate form is that reactions with order n > 1 can
never go to completion in finite time. On the other hand, for orders n < 1 this
rate form predicts that the reactant concentration will fall to zero and then
become negative at some finite time, found from Eq. 29, so
Cl—n
CA =0 at t= (T—L:l);

Since the real concentration cannot fall below zero we should not carry out
the integration beyond this time for n < 1. Also, as a consequence of this feature,
in real systems the observed fractional order will shift upward to unity as reactant
is depleted.

Zero-Order Reactions. A reaction is of zero order when the rate of reaction
is independent of the concentration of materials; thus

dacC
A=t (30)

Integrating and noting that C, can never become negative, we obtain directly

C
CAO— CA= CA()XA:kt fOI‘ t<%
(31

c
Cy=0 for tz%

which means that the conversion is proportional to time, as shown in Fig. 3.4.
As arule, reactions are of zero order only in certain concentration ranges—the
higher concentrations. If the concentration is lowered far enough, we usually

Cho
//
lp———— <
k )
Slope = —
Xa P o !

—o—

Ca
| Note the
| deviation
| from

a | zero-order
Eq. 31 } kinetics

Caolk

Figure 3.4 Test for a zero-order reaction, or rate equation, Eq. 30.
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find that the reaction becomes concentration-dependent, in which case the order
rises from zero.

In general, zero-order reactions are those whose rates are determined by some
factor other than the concentration of the reacting materials, e.g., the intensity
of radiation within the vat for photochemical reactions, or the surface available
in certain solid catalyzed gas reactions. It is important, then, to define the rate
of zero-order reactions so that this other factor is included and properly ac-
counted for.

Overall Order of Irreversible Reactions from the Half-Life ¢,,, Sometimes, for
the irreversible reaction

aA + BB + - - - —products
we may write

dcC
rA=_'—‘?A—kC

If the reactants are present in their stoichiometric ratios, they will remain at
that ratio throughout the reaction. Thus, for reactants A and B at any time
Cy/C, = Bla, and we may write

dcC b b
—ry = _TtA—_—kCg\ <_B-CA> =k<§) el i

or
-—A=fcn (32
Integrating for n # 1 gives

Cin— Clgr=k(n — 1)t

Defining the half-life of the reaction, ¢,,,, as the time needed for the concentration
of reactants to drop to one-half the original value, we obtain

_(0.5)1 —1

t = Cl-n
= n—1) A0 (33a)

This expression shows that a plot of log t;,, vs. log C,, gives a straight line of
slope 1 — n, as shown in Fig. 3.5.

The half-life method requires making a series of runs, each at a different initial
concentration, and shows that the fractional conversion in a given time rises
with increased concentration for orders greater than one, drops with increased
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y
Eqg. 33a
}‘& Slope=1-n
« &
s | * X order< 1 Order > 1
= ;—_ Order=1
log CAO

Figure 3.5 Overall order of reaction from
a series of half-life experiments, each at a
different initial concentration of reactant.

concentration for orders less than one, and is independent of initial concentration

for reactions of first order.
Numerous variations of this procedure are possible. For instance, by having

all but one component, say Ain large excess, we can find the order with respect
to that one component. For this situation the general expression reduces to

dac N

where

]2 = k(C%O b ') and CB = CBO
And here is another variation of the half-life method.

Fractional Life Method #;. The half-life method can be extended to any frac-
tional life method in which the concentration of reactant drops to any fractional
value F = C,/C,, in time #. The derivation is a direct extension of the half-life

method giving

= _Fll:_l 1-n
tF - k(}’l _ 1) CAO (33b)

Thus, a plot of log f; versus log C,,, as shown in Fig. 3.5, will give the reac-

tion order.
Example E3.1 illustrates this approach.

Irreversible Reactions in Parallel. Consider the simplest case, A decomposing
by two competing paths, both elementary reactions:
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The rates of change of the three components are given by

_dc,

AT T kiCp + kyCyp = (ky + k) Cy 34
dc

rR == = kiCy (35)
dc

rg = Tts =k,C, (36)

This is the first time we have encountered multiple reactions. For these in general,
if it is necessary to write N stoichiometric equations to describe what is happening,
then it is necessary to follow the decomposition of N reaction components to
describe the kinetics. Thus, in this system following C,, or Cg, or Cg alone will
not give both k; and k,. At least two components must be followed. Then,
from the stoichiometry, noting that C, + Cy + Cg is constant, we can find the
concentration of the third component.

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

C
—In C_A = (ky + ky)t 1))
A0

When plotted as in Fig. 3.6, the slope is k; + k,. Then dividing Eq. 35 by Eq.
36 we obtain the following (Fig. 3.6).

R _4Cr _ ki

rs  dCs  ky

which when integrated gives simply

Cr—Cro_ ki
Cs - Cso kz 38)

This result is shown in Fig. 3.6. Thus, the slope of a plot of Cy versus Cg
gives the ratio k,/k,. Knowing k,/k, as well as k; + k, gives k; and k,. Typical
concentration-time curves of the three components in a batch reactor for the
case where Cyy = Cg, = 0 and k; > k, are shown in Fig. 3.7.

Reactions in parallel are considered in detail in Chapter 7.

Homogeneous Catalyzed Reactions. Suppose the reaction rate for a homoge-
neous catalyzed system is the sum of rates of both the uncatalyzed and cata-
lyzed reactions,
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) A
Eq. 37
Eq. 38
S|E /e c
5 " Slope = -1
| ope = -~
o) A ky
Slope = k1 + kp Crof-————~ |
0 > 0 | >
0 0 Cso
t Cs
Figure 3.6 Evaluation of the rate constants for two competing elementary
et R
first-order reactions of the type A\
S

with corresponding reaction rates
dcC,
( dt )1 = RaCa

acC
()

This means that the reaction would proceed even without a catalyst present and
that the rate of the catalyzed reaction is directly proportional to the catalyst
concentration. The overall rate of disappearance of reactant A is then

dcC
- —d—tA =kiCy + kyCpC = (k; + k,Co)Cy 39

On integration, noting that the catalyst concentration remains unchanged, we
have

C
—In C—A =—In(1 = X,) = (k; + k,Co)t = Kypeorvea t (40)
A0
R
Cao A
<
Cr
C
Cs
Ca
0 >
0

t

Figure 3.7 Typical concentration-time curves for competing reactions.
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kobserved

kobserved = k1 + kpCg, from Eq. 40

0 >
Ce

Figure 3.8 Rate constants for a homogeneous catalyzed reaction
from a series of runs with different catalyst concentrations.

Making a series of runs with different catalyst concentrations allows us to find
k; and k,. This is done by plotting the observed k value against the catalyst
concentrations as shown in Fig. 3.8. The slope of such a plot is k, and the
intercept k.

Autocatalytic Reactions. A reaction in which one of the products of reaction
acts as a catalyst is called an autocatalytic reaction. The simplest such reaction is

A+R—R+R (41a)
for which the rate equation is
dcC
—ry=— _‘FA =kC,Cx (41b)

Because the total number of moles of A and R remain unchanged as A is
consumed, we may write that at any time

Cy = C, + Cg = Cyuy + Cyy = constant
Thus, the rate equation becomes

dC
Fa="— TtA =kCa(Cy =~ Ca)

Rearranging and breaking into partial fractions, we obtain

dcy, 1 (dCA dCy, >
—_—— = — + =kdt
CAC=Cy) G\ Cy G-
which on integration gives
CAO(CO — CA) Cr/Cro
In =In = Cokt = (Cpy + Cpgo) kt 4
CA(Co— Cyp) Ca/Cro 0 (Cao R0) 42)
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(eSS in b
A A Q\o%/ ==Lty
1F-—- ~
Low rate : Stgrt wgh
some
: / present
Xp o : |
Parabolic
| |
! | |
! | |
0 > 0 | |
0 ‘ 0 Ca=CR 1
CalCno

Figure 3.9 Conversion-time and rate-concentration curves for autocatalytic reaction
of Eq. 41. This shape is typical for this type of reaction.

In terms of the initial reactant ratio M = Cyy/C,, and fractional conversion of
A, this can be written as

M+X,

i —x)

= Cpo(M + 1)kt = (Cyp + Cgro)kt 43)

For an autocatalytic reaction in a batch reactor some product R must be present
if the reaction is to proceed at all. Starting with a very small concentration of
R, we see qualitatively that the rate will rise as R is formed. At the other extreme,
when A is just about used up the rate must drop to zero. This result is given in
Fig. 3.9, which shows that the rate follows a parabola, with a maximum where
the concentrations of A and R are equal.

To test for an autocatalytic reaction, plot the time and concentration coordi-
nates of Eq. 42 or 43, as shown in Fig. 3.10 and see whether a straight line passing
through zero is obtained.

Autocatalytic reactions are considered in more detail in Chapter 6.

Irreversible Reactions in Series. We first consider consecutive unimolecular-
type first-order reactions such as

ky

ASLR g

=
b
il Slope = Cok
=5
E
el o Eq. 42 or 43
2 CZ s
SIS 7
£ |-

Figure 3.10 Test for the autocatalytic reaction of Eq. 41.
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whose rate equations for the three components are

Ta =7= —k,Cy 44
dc

rR= TJTR =k;Cx — k,Cg 5)
dC

re=—"=kCr (46)

Let us start with a concentration C,, 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

—lng— =kit or C,=Cppe ™ 47
Cao

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

dc
— —R 4 kyCg = k,Cppe ™ (48)

which is a first-order linear differential equation of the form

dy
+

=9

By multiplying through with the integrating factor e/f4* the solution is

yelPdx = J' QeP% dx + constant

Applying this general procedure to the integration of Eq. 48, we find that the
integrating factor is eX’. The constant of integration is found to be —k,C,¢/
(k, — k;) from the initial conditions Cg, = 0 at t = 0, and the final expression
for the changing concentration of R is

e kit ekt
= ot (2 25 )

Noting that there is no change in total number of moles, the stoichiometry relates
the concentrations of reacting components by

CAO=CA+CR+CS
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which with Egs. 47 and 49 gives

= ke ky ~kyt
- (1 e gt e <0

Thus, we have found how the concentrations of components A, R, and S vary
with time.
Now if k, is much larger than k;, Eq. 50 reduces to

CS = CAO (1 - e_klt), k2 > kl

In other words, the rate is determined by k; or the first step of the two-step
reaction.
If k, is much larger than k,, then

CS = CAO (1 - e_kZI), kl > k2

which is a first-order reaction governed by k,, the slower step in the two-step
reaction. Thus, in general, for any number of reactions in series it is the slowest
step that has the greatest influence on the overall reaction rate.

As may be expected, the values of k; and k, also govern the location and
maximum concentration of R. This may be found by differentiating Eq. 49 and
setting dCgr/dt = 0. The time at which the maximum concentration of R occurs
is thus

tmax -

1 In(kyky)
klogmeaﬂ k2 - kl

(51

The maximum concentration of R is found by combining Egs. 49 and 51 to give

CR,max . <k1>k2/(k2_k1)
CAO k2

(52)

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 rises continuously, the greatest rate of increase of S occurring

where R is a maximum. In particular, this figure shows that one can evaluate k;

and k, by noting the maximum concentration of intermediate and the time when

this maximum is reached. Chapter 8 covers series reactions in more detail.
For a longer chain of reactions, say

A—>R—>S—>T—U
the treatment is similar, though more cumbersome than the two-step reaction

just considered. Figure 3.12 illustrates typical concentration-time curves for
this situation.
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A
CAO A— R—=S

Eq. 47

Eq. 52 Eq. 49 CR

Ca

Figure 3.11 Typical concentration-time curves
for consecutive first-order reactions.

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. These are the situations we have examined
up to this point. Let us now consider reactions for which complete conversion
cannot be assumed. The simplest case is the opposed unimolecular-type reaction

A —k<2 R, K = K = equilibrium constant (53a)
2

Starting with a concentration ratio M = Cyy/C,, the rate equation is

dCy  dC, dX,

ar a Cho a kiCp — kyCr (53b)

= ki (Cap = CaoXa) — by (MCpg + CagX,)
Cho
Ca Maximum of T curve cy
c Cs

Cr ¢

Maximum slope of U curve

t

Figure 3.12 Concentration-time curves for a chain of successive first-
order reactions. Only for the last two compounds do the maximum and
the inflection points occur at the same time.




3.1 Constant-Volume Batch Reactor 57

Now at equilibrium dC,/dt = 0. Hence from Eq. 53 we find the fractional
conversion of A at equilibrium conditions to be

_Cre Mt X,

K. = —Re _
¢ CAe 1- XAe

and the equilibrium constant to be

k,
K.=—
C k2
Combining the above three equations we obtain, in terms of the equilibrium con-
version,

dX, Kk (M+1)
& T M X, KaeT XN

With conversions measured in terms of X, this may be looked on as a pseudo
first-order irreversible reaction which on integration gives

Xa\ _ Coa=Cae _ M+1
8 (1 XA) T e G M X 9

A plot of —In (1 — X,/X,,) vs. t, as shown in Fig. 3.13, gives a straight line.

The similarity between equations for the first-order irreversible and reversible
reactions can be seen by comparing Eq. 12 with Eq. 54 or by comparing Fig. 3.1
with Fig. 3.13. Thus, the irreversible reaction is simply the special case of the
reversible reaction in which C,, = 0, or X, = 1, or K, = .

Eq. 54

N
/3 o

c Slope = k; M+ 1
T M+ Xp,
O 3>
t
Figure 3.13 Test for the unimolecular type

reversible reactions of Eq. 53.




58  Chapter 3 Interpretation of Batch Reactor Data

Second-Order Reversible Reactions. For the bimolecular-type second-order re-
actions

K

A+B<—T"R+S (55a)
2
kl

2A «—T’ R+S (55b)
2
K

2A <‘—k—_’ 2R (55¢)
2
K

A+B <_k—" 2R (55d)

2

with the restrictions that C,y = Cyy and Cyy = Cgy = 0, the integrated rate
equations for A and B are all identical, as follows

XAe = (2X,, — 1) X, 1
ln = kl

XAe - XA XAe - 1) CAOt (56)

A plot as shown in Fig. 3.14 can then be used to test the adequacy of these kinetics.

Reversible Reactions in General. For orders other than one or two, integration
of the rate equation becomes cumbersome. So if Eq. 54 or 56 is not able to fit
the data, then the search for an adequate rate equation is best done by the
differential method.

I)XA)

Eq. 56\
)

o

Xae— Xp

o

Slope = 2k; (XL -
A

e

1) Cho

o

>

o

t

Figure 3.14 Test for the reversible bimolecular reactions of Eq. 55.
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Zero order

1
7, Shift at Cp = 1/k,
-

First order: slope = k;

t Ca
Figure 3.15 Behavior of a reaction that follows Eq. 57.

Reactions of Shifting Order. Insearching for a kinetic equation it may be found
that the data are well fitted by one reaction order at high concentrations but by
another order at low concentrations. Consider the reaction

dc kC
A—R with "’A=_7TA=1_J:_k:—c; 57

From this rate equation we see

At high C,—the reaction is of zero order with rate constant k,/k,
(orkyCp > 1)

Atlow C,—the reaction is of first order with rate constant k;
(orkyCp <1)

This behavior is shown in Fig. 3.15.
To apply the integral method, separate variables and integrate Eq. 57. This gives

C
In —C%AO +ky (Cag— Cp) = kit (58a)

To linearize, rearrange Eq. 58a to give

Caoo—Ca 1 k1< t )

— e — + —_ —
N (CofCy) Ko T \In(Cag/Ch) (58b)
or
In (Cry/C,) kit
DY e M 58
Cao—Ca 27 Cyu-Ca (58¢)

Two ways to test this rate form are then shown in Fig. 3.16.
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A
Eq. 58c
| < <| 7=
% Slope = k; © <
£ ' = t
| / "~ Cao=Ca ° In(Ca/Ca)
N N_ _ 1
ntercept = —k, Intercept = — E

Figure 3.16 Test of the rate equation, Eq. 57, by integral analysis.

By similar reasoning to the above we can show that the general rate form

dCs _ _kCR
dt 1+ k,Cn

rA—_

(59

shifts from order m — n at high concentration to order m at low concentration,
the transition taking place where k,C% = 1. This type of equation can then be
used to fit data of any two orders.

Another form which can account for this shift is

_dC, k(T
AT T4 T A+ kCy) (60)

Mechanism studies may suggest which form to use. In any case, if one of these
equation forms will fit the data, so will the other.

The rate form of Eq. 57 and some of its generalizations are used to represent
a number of widely different kinds of reactions. For example, in homogeneous
systems this form is used for enzyme-catalyzed reactions where it is suggested
by mechanistic studies (see the Michaelis-Menten mechanism in Chap. 2 and in
Chap. 27). It is also used to represent the kinetics of surface-catalyzed reactions.

In mechanistic studies, this form of equation appears whenever the rate-con-
trolling step of a reaction is viewed to involve the association of reactant with
some quantity that is present in limited but fixed amounts; for example, the
association of reactant with enzyme to form a complex, or the association of
gaseous reactant with an active site on the catalyst surface.

FIND A RATE EQUATION USING THE INTEGRAL METHOD

Reactant A decomposes in a batch reactor

A — products
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The composition of A in the reactor is measured at various times with results
shown in the following columns 1 and 2. Find a rate equation to represent the data.

Column 1 Column 2 Column 3 Column 4
Time Concentration 1 S0 1
t,s C,, mol/liter Ca Ca
0 Cho =10 In 10/10 = 0 0.1

20 8 In 10/8 = 0.2231 0.125

40 6 0.511 0.167

60 5 0.6931 0.200

120 3 1.204 0.333

180 2 1.609 0.500

300 1 2.303 1.000

Reported data Calculated
SOLUTION

Guess First-Order Kinetics. Start by guessing the simplest rate form, or first-
order kinetics. This means that In C,,/C, vs. ¢ should give a straight line, see
Eq. 11 or 12, or Fig. 3.1. So column 3 is calculated and the plot of Fig. E3.1a is
made. Unfortunately, this does not give a straight line, so first-order kinetics
cannot reasonably represent the data, and we must guess another rate form.

First-order kinetics should
fall on a straight line.

2 These data do not,

so reject

in EhO
Ca
1 —
Data from
columns 1 and 3
o). | | | L 5
0 50 100 200 300
Timet, s
Figure E3.1a

Guess Second-Order Kinetics. Equation 16 tells that 1/C, vs. ¢ should give a
straight line. So calculate column 4, plot column 1 vs. column 4, as shown in Fig.
E3.1b. Again, this does not give a straight line, so a second-order kinetic form
is rejected.
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\
1.0
Second-order kinetics should
fall on a straight line.
0.8 These data do not,
so reject
0.6 —
1
Ca
0.4
X_ Data from
0.2 columns 1 and 4
0 | | |
0 50 100 200 300

Timet¢, s
Figure E3.1b

Guess nth-Order Kinetics. Let’s plan to use the fractional life method with
F = 80%. Then Eq. 33b becomes

) —1 .
v =Gty G

Next take logarithms

Q\ a constant

1
‘ - .
log t; = log (0'8 _1) + (1-n) log C,, (i)

k(n-1)

The procedure is as follows. First accurately plot the C, vs. t data, draw a smooth
curve to represent the data (most important) as shown in Fig. E3.1c, then pick
Cyo = 10, 5, and 2 and fill in the following table from this figure.

Ca ona Time needed
Cro (=0.8C4) tg S log t log C,,
10 8 0—185=185 log 18.5=1.27 1.00
5 4 59—~ 82=23 1.36 0.70
2 1.6 180 215 = 3/5 1.54 0.30

L From the curve, not the data

Next, plot log # vs. log C,,, as shown in Fig. E3.1d and find the slope.
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10
A smooth curve does not
8 necessarily pass through
| all the data points J
|
6 [L8: 175
Ca
/) S . 15
oo
o
2F——————————=—=—- 1.25—
| |
180 215
0 | | | 1.0 | |
0 100 200 300 0 0.5 1.0
fs In Cpo

Figures E3.1¢c and E3.1d

We now have the reaction order. To evaluate the rate constant, take any point
on the C, vs. t curve. Pick C,, = 10, for which # = 18.5 s. Replacing all values
into Eq. (i) gives

(RSl SPREY
185 =577 10

from which
k = 0.005

Therefore, the rate equation that represents this reaction is

_ liter%4 4 mol
A= (0'005 mol"-“-s) Cx liter-s

Differential Method of Analysis of Data

The differential method of analysis deals directly with the differential rate equa-
tion to be tested, evaluating all terms in the equation including the derivative
dC;/dt, and testing the goodness of fit of the equation with experiment.

The procedure is as follows.

1. Plot the C, vs. t data, and then by eye carefully draw a smooth curve to
represent the data. This curve most likely will not pass through all the
experimental points.

2. Determine the slope of this curve at suitably selected concentration values.
These slopes dC,/dt = r, are the rates of reaction at these compositions.
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g
< If the data fall on &
ISR straight line, you've 3

| guessed correctly. w0 Slope = n
o
il 00 S =
£ 2
£

o0 o Intercept = k
o
Guess £ (Cp) log Cp

Figure 3.17 Test for the particular rate Figure 3.18 Test for an nth-order rate
form —r, = kf(C,) by the differential form by the differential method.
method.

3. Now search for a rate expression to represent this r, vs. C, data, either by
(a) picking and testing a particular rate form, —r, = kf(C,), see Fig. 17, or
(b) testing an nth-order form —r, = kC% by taking logarithms of the

rate equation (see Fig. 3.18).

With certain simpler rate equations, however, mathematical manipulation may
be able to yield an expression suitable for graphical testing. As an example,
consider a set of C, vs. ¢t data to which we want to fit the M—M equation

_dC, kG,
AT T4 T 14 kG, ©7

which has already been treated by the integral method of analysis. By the differen-
tial method we can obtain —r, vs. C,. However, how do we make a straight-
line plot to evaluate k, and k,? As suggested, let us manipulate Eq. 57 to obtain
a more useful expression. Thus, taking reciprocals we obtain

1 1k

(—7a) B kCy Kk

(61)

and a plot of 1/(—r,) vs. 1/C, is linear, as shown in Fig. 3.19.
Alternatively, a different manipulation (multiply Eq. 61 by k,(—r,)/k;) yields
another form, also suitable for testing, thus

A plot of —r, vs. (—r,)/C, is linear, as shown in Fig. 3.19.

Whenever a rate equation can be manipulated to give a linear plot, this becomes
a simple way of testing the equation. So, with any given problem we must use
good judgment in planning our experimental program.
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Figure 3.19 Two ways of testing the rate equation —r, = k,C,/(1 + k,C,)
by differential analysis.

FIND A RATE EQUATION TO FIT A SET OF DATA USING
THE DIFFERENTIAL METHOD

Try to fit an nth-order rate equation to the concentration vs. time data of Exam-
ple 3.1.

SOLUTION

The data are tabulated in the following columns 1 and 2 and are plotted in
Fig. E3.2a.

10
Smooth curve to
8 represent the data
Reported experimental

£ s data, seven points
g
E3
© o4

2

Tangents
0
0 100 200 300
Timet, s

Figure E3.2a
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Column 1 Column 2 Column 3 Column 4 Column 5
Time Concentration Slope, from Fig. E3.2a
t,s C,, mol/liter (dC,/dr) log,, (—dC4/dr) log;y Cu
0 10 (10 — 0)/(0 — 75) = —0.1333 —-0.875 1.000
20 8 (10 — 0)/(—3 —94) = —0.1031 —0.987 0.903
40 6 (10 = 0)/(—21 - 131) = —0.0658 —-1.182 0.778
60 5 (8 — 0)/(—15 — 180) = —0.0410 —1.387 0.699
120 3 (6 — 0)/(—10 — 252) = —0.0238 —-1.623 0.477
180 2 (4 — 1)/(24 — 255) = —0.0108 -1.967 0.301
300 1 (3 — 1)/(—10 — 300) = —0.0065 —2.187 0.000

Now carefully draw a smooth curve to represent the data and at C, = 10, 8,
6, 5, 3, 2, 1, draw tangents to the curve, and evaluate them (see column 3).
Next, to fit an nth-order rate equation to this data, or

dcC
logw(— ——ﬁ): log, ok + nlog;,Cy

and plot as in Fig. E3.2b. The slope and intercept of the best line gives n and k&
(see Fig.E3.2b). So the rate equation is

dcC i 0043
p = — A= (0’005 ﬁt_e_r__) 145 _mol

dt mol®3.s) A’ liter-s

Warning. Instep 1, if you use a computer to fit a polynomial to the data it could
lead to disaster. For example, consider fitting a sixth-degree polynomial to the
seven data points, or an (n — 1) degree polynomial to n points.

Fitting by eye you’d get a smooth curve, as shown in Fig. E3.2c. But if a
computer is used to obtain a polynomial that would pass through all the points
the result would very well be as shown in Fig. E3.2d.

Now, which of these curves makes more sense and which would you use? This
is why we say ‘“draw a smooth curve by eye to represent the data.” But beware,
to draw such a curve is not that simple. Take care.
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__ -0.875-(-2.305) _
08 | Slope=n= — 1.0 - 1.43
1.0
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\ logyg Ca
Intercept = log;g k =-2.305

k=0.005
Figure E3.2b

This curve does
not pass through
all points

This curve passes
through all points

>

Figure E3.2¢, d The same seven points fitted by curves two different ways.

3.2 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,

V, = initial volume of the reactor

V = the volume at time ¢.
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Reactor Movable bead

Figure 3.20 A varying-volume batch reactor.

This kind of reactor can be used for isothermal constant pressure operations, of
reactions having a single stoichiometry. For such systems the volume is linearly
related to the conversion, or

V-V,
V=Vy1+e,X,) or X,= 0 (63a)
Vioea
or
dv
dX, = - (63b)

where g, is the fractional change in volume of the system between no conversion
and complete conversion of reactant A. Thus

Vi1~ V=0
8A = ———

(64)

Vo

As an example of the use of ¢,, consider the isothermal gas-phase reaction
A—4R
By starting with pure reactant A,

8A=4_;1=3

but with 50% inerts present at the start, two volumes of reactant mixture yield,
on complete conversion, five volumes of product mixture. In this case

5-2

> =15

EpA T

We see, then, that e, accounts for both the reaction stoichiometry and the
presence of inerts. Noting that

Ny = Np(1 — X,) (65)



3.2 Varying-Volume Batch Reactor 69

we have, on combining with Eq. 63,

cooNa_Nu(-X) _ . 1-X,
ATV Vil +eaXy T M1+e,X,
Thus
Eé_ 1 - XA 1 - CA/CAO

=— A o X, =

Cho 1+e,X, (66)

1 + SACA/CAO

which is the relationship between conversion and concentration for isothermal
varying-volume (or varying-density) systems satisfying the linearity assumption
of Eq. 63.

The rate of reaction (disappearance of component A), is, in general

__1dN,
WUV 4

Replacing V from Eq. 63a and N, from Eq. 65 we end up with the rate in terms
of the conversion

= Cm dX,
AT (1 + SAXA) dt

or in terms of volume, from Eqgs. 63

AT Ve, dr s i 6
Differential Method of Analysis

The procedure for differential analysis of isothermal varying volume data is the
same as for the constant-volume situation except that we replace

% with _g_éo_d_v ﬁ—d(an)

dt Ve, dt O e, dt (©8)

This means plot In V vs. ¢t and take slopes.

Integral Method of Analysis

Unfortunately, only a few of the simpler rate forms integrate to give manageable
V vs. t expressions. Let us look at these.
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Zero-Order Reactions For a homogeneous zero-order reaction the rate of
change of any reactant A is independent of the concentration of materials, or

_ _ CA() d(ln V) _
AT gy dt k (69)
Integrating gives
Cro, V
o In V= kt (70)

As shown in Fig. 3.21, the logarithm of the fractional change in volume versus
time yields a straight line of slope ke,/Cyy.

First-Order Reactions. For a unimolecular-type first-order reaction the rate of
change of reactant A is

_ _CAod(an)_ _ ( l_XA )
AT e, dt kCa=kCao\ T3 A )
Replacing X, by V from Egs. 63 and integrating gives
—ln(l— AV)=kt,AV=V——V0 (72)
€avo

A semilogarithmic plot of Eq. 72, as shown in Fig. 3.22, yields a straight line of
slope k.

Second-Order Reactions. For a bimolecular-type second-order reaction

2A — products
ANG kep
Slope = —
Cho
v Eq. 70
In Vo forep >0
0 t
Slope = ken
Cho
L)
Eq. 70 3
forepa< 0 . ®

Figure 3.21 Test for a homogeneous zero-order reaction, Eq. 69,
in a constant-pressure, varying volume reactor.
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=] oo
LS
| <

e \—Eq 72
~

_‘|= Slope = k

O R
0 t

Figure 3.22 Test for a first-order reaction, Eq. 71,
in a constant-pressure, varying-volume reactor.

or

A + B —products, with C,y= Cg
the rate is given by

. _CaodlnV _
AT g, dt

1-X, \?

2 = JC% | —— A

kC% = kC%y (1 n SAXA>

Replacing X, by V from Egs. 63 and then integrating gives, after much algebraic
manipulation,

(1 +e4) AV (__AV _
Veen — AV +e,ln(1 Veer) ~ kCaot (73)

Figure 3.23 shows how to test for those kinetics.

)

AV
Voen

+8A|n (1—

Eq. 73

(1 + AV
VosA - AV

Slope = kCyq

o
o
4

t

Figure 3.23 Test for the second-order
reaction, Eq. 73, in a constant-pressure,
varying-volume reactor.
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nth-Order and Other Reactions. For all rate forms other than zero-, first-, and
second-order the integral method of analysis is not useful.

3.3 TEMPERATURE AND REACTION RATE

So far we have examined the effect of concentration of reactants and products
on the rate of reaction, all at a given temperature level. To obtain the complete
rate equation, we also need to know the role of temperature on reaction rate.
Now in a typical rate equation we have

and it is the reaction rate constant, the concentration-independent term, which
is affected by the temperature, whereas the concentration-dependent terms f(C)
usually remain unchanged at different temperatures.

Chemical theory predicts that the rate constant should be temperature-depen-
dent in the following manner:

k oc Tme-E/RT

However, since the exponential term is much more temperature-sensitive than
the power term, we can reasonably consider the rate constants to vary approxi-
mately as e F/RT,

Thus, after finding the concentration dependency of the reaction rate, we can
then examine for the variation of the rate constant with temperature by an
Arrhenius-type relationship

k = kye E/RT, E= [ﬁ] (2.34) or (74)

This is conveniently determined by plotting In k versus 1/7, as shown in Fig. 3.24,

If the rate constant is found at two different temperatures we have from
Chap. 2,

(2.35) or (75)

Ink

ur

Figure 3.24 Temperature dependency of a reaction
according to Arrhenius’ law.
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Finally, as mentioned in Chap. 2, a shift in E with temperature reflects a change
in controlling mechanism of reaction. Since this is likely to be accompanied by
a change in concentration dependency, this possibility should also be examined.

Warning on Using Pressure Measures. When dealing with gases, engineers and
chemists often measure compositions in terms of partial and total pressures, and
then develop their rate equations in terms of pressures, without realizing that
this can lead to problems. The reason is that the activation energy calculated
when using these units is incorrect. Let us illustrate.

CORRECT AND INCORRECT E VALUES

Experimental studies of a specific decomposition of A in a batch reactor using
pressure units show exactly the same rate at two different temperatures:

1
t400K —r, =23 p} = | 22
) 500K ; 2317; where { [m%]
t —ra=2.
: TP pa=[atm]

(a) Evaluate the activation using these units
(b) Transform the rate expressions into concentration units and then evaluate
the activation energy.

The pressure is not excessive, so the ideal gas law can be used.
SOLUTION

(a) Using Pressure Units. We see right away that a change in temperature
does not affect the rate of reaction. This means that

E=0
Alternatively, we can find E by going through the calculations. Thus

k, 23
lnE—lnﬁ—O

hence replacing in Eq. 75 shows that
E=0

(b) Transform p, into C,, then find E. First write the rate equations with
all units shown:

—Ta,

mol ( ) mol

= = - 2 2
m3-s ' ’m3-s-atm2>(pA’atm)



T4  Chapter 3 Interpretation of Batch Reactor Data

Next change p, to C,. From ideal gas law

DA = "T/éRT= CART

Combining the two preceding equations

—ry = 23CLR2T?

At 400 K
Cry =230 o (g5 06 x 10-s Tatm)’ (400 K)?
AL " m3.s.atm? A\ mol-K
m3
=0.0025C% where k, = 0.0025
mol-s
At 500 K, similarly
m3

—ra, = 0.0039C% where k, =0.0039 —ols

Here we see that in concentration units the rate constants are not indepen-
dent of temperature. Evaluating the activation energy from Eq. 75, and
replacing numbers gives

_ (8:314)(400)(500) ,  0.0039

E 500 — 400 0.0025

or

E =7394 J
mol

This example shows that E values differ when either p or C used to
measure concentrations of materials.

Final Notes

1. Chemistry (collision theory or transition state theory) has developed the

equations for reaction rates and activation energies in terms of concen-
tration.

2. Literature tabulations for E and —r, for homogeneous reactions are nor-

mally based on concentrations. The clue to this is that the units for the
rate constant are often s, liter/mol - s, etc., without pressure appearing in
the units.
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3. Itis a good idea when making runs at different temperatures first to change
all p values to C values by using the relationships

Pa = CART for ideal gases

pa=2zCART  for nonideal gases, where z = compressibility factor

and then proceed to solve the problem. This will avoid confusion on units
later on, especially if the reaction is reversible or involves liquids and/or
solids as well as gases.

3.4 THE SEARCH FOR A RATE EQUATION

In searching for a rate equation and mechanism to fit a set of experimental data,
we would like answers to two questions:

1. Have we the correct mechanism and corresponding type of rate equation?
2. Once we have the right form of rate equation, do we have the best values
for the rate constants in the equation?

The difficult question to answer is the first of the preceding two questions. Let
us see why this is so.

Suppose we have a set of data and we wish to find out whether any one of
the families of curves—parabolas, cubics, hyperbolas, exponentials, etc., each
representing a different rate family—really fits these data better than any other.
This question cannot be answered simply; neither can high-powered mathemati-
cal or statistical methods help in deciding for us. The one exception to this
conclusion occurs when one of the families being compared is a straight line.
For this situation we can simply, consistently, and fairly reliably tell whether the
straight line does not reasonably fit the data. Thus, we have what is essentially
a negative test, one that allows us to reject a straight line family when there is
sufficient evidence against it.

All the rate equations in this chapter were manipulated mathematically into
a linearized form because of this particular property of the family of straight
lines that allows it to be tested and rejected.

Three methods are commonly used to test for the linearity of a set of points.
These are as follows:

Calculation of k from Individual Data Points. With a rate equation at hand,
the rate constant can be found for each experimental point by either the integral
or differential method. If no trend in k values is discernible, the rate equation
is considered to be satisfactory and the k values are averaged.

Now the k values calculated this way are the slopes of lines joining the individ-
ual points to the origin. So for the same magnitude of scatter on the graph the
k values calculated for points near the origin (low conversion) will vary widely,
whereas those calculated for points far from the origin will show little variation
(Fig. 3.25). This fact can make it difficult to decide whether k is constant and,
if so, what is its best mean value.
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Large variation
in slopes
Small variation
in slopes

Integrated conversion
expression
Integrated expression

t t

Figure 3.25 How the location of the experimental points influences the
scatter in calculated k values.

Calculation of k from Pairs of Data Points. k values can be calculated from
successive pairs of experimental points. For large data scatter, however, or for
points close together, this procedure will give widely different k values from
which k., will be difficult to determine. In fact, finding k,,.,, by this procedure
for points located at equal intervals on the x-axis is equivalent to considering
only the two extreme data points while ignoring all the data points in between.
This fact can easily be verified. Figure 3.26 illustrates this procedure.

This is a poor method in all respects and is not recommended for testing the
linearity of data or for finding mean values of rate constants.

Graphical Method of Fitting Data. Actually, the preceding methods do not
require making a plot of the data to obtain k values. With the graphical method
the data are plotted and then examined for deviations from linearity. The decision
whether a straight line gives a satisfactory fit is usually made intuitively by
using good judgment when looking at the data. When in doubt we should take
more data.

The graphical procedure is probably the safest, soundest, and most reliable
method for evaluating the fit of rate equations to the data, and should be used
whenever possible. For this reason we stress this method here.

Slope =k

Integrated expression

t

Figure 3.26 Calculated k values from successive
experimental points are likely to fluctuate
widely.




Problems T7

RELATED READINGS

Frost, A. A., and Pearson, R. G., Kinetics and Mechanism, 2nd ed., John Wiley & Sons,
New York, 1961.
Laidler, K. J., Chemical Kinetics, 2nd ed., McGraw-Hill, New York, 1965.

PROBLEMS

31

3.2,

3.3.

34.

3.5.

3.6.

3.7.

3.8.

If —r, = —(dC,/df) = 0.2 mol/liter-sec when C, = 1 mol/liter, what is
the rate of reaction when C, = 10 mol/liter?
Note: the order of reaction is not known.

Liquid A decomposes by first-order kinetics, and in a batch reactor 50%
of A is converted in a 5-minute run. How much longer would it take to
reach 75% conversion?

Repeat the previous problem for second-order kinetics.

A 10-minute experimental run shows that 75% of liquid reactant is con-
verted to product by a ¥2-order rate. What would be the fraction converted
in a half-hour run?

In a homogeneous isothermal liquid polymerization, 20% of the monomer
disappears in 34 minutes for initial monomer concentration of 0.04 and
also for 0.8 mol/liter. What rate equation represents the disappearance of
the monomer?

After 8 minutes in a batch reactor, reactant (C,, = 1 mol/liter) is 80%
converted; after 18 minutes, conversion is 90%. Find a rate equation to
represent this reaction.

Snake-Eyes Magoo is a man of habit. For instance, his Friday evenings are
all alike—into the joint with his week’s salary of $180, steady gambling at
¢“2-up” for two hours, then home to his family leaving $45 behind. Snake
Eyes’s betting pattern is predictable. He always bets in amounts propor-
tional to his cash at hand, and his losses are also predictable—at a rate
proportional to his cash at hand. This week Snake-Eyes received a raise
in salary, so he played for three hours, but as usual went home with $135.
How much was his raise?

Find the overall order of the irreversible reaction

2H, + 2NO — N, + 2H,0
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3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

from the following constant-volume data using equimolar amounts of hy-
drogen and nitric oxide:

Total pressure, mm Hg 200 240 280 320 360
Half-life, sec 265 186 115 104 67

The first-order reversible liquid reaction
A 2R, C,=0S5mol/liter, Cgre=0

takes place in a batch reactor. After 8 minutes, conversion of A is 33.3%
while equilibrium conversion is 66.7%. Find the rate equation for this re-
action.

Aqueous A reacts to form R (A — R) and in the first minute in a batch
reactor its concentration drops from C,y = 2.03 mol/liter to C,; = 1.97
mol/liter. Find the rate equation for the reaction if the kinetics are second-
order with respect to A.

Aqueous A at a concentration C,, = 1 mol/liter is introduced into a batch
reactor where it reacts away to form product R according to stoichiometry
A — R. The concentration of A in the reactor is monitored at various
times, as shown below:

¢, min 0 100 200 300 400
C,, mol/m? 1000 500 333 250 200

For C,, = 500 mol/m? find the conversion of reactant after 5 hours in the
batch reactor.

Find the rate for the reaction of Problem 11.

Betahundert Bashby likes to play the gaming tables for relaxation. He does
not expect to win, and he doesn’t, so he picks games in which losses are
a given small fraction of the money bet. He plays steadily without a break,
and the sizes of his bets are proportional to the money he has. If at
“galloping dominoes” it takes him 4 hours to lose half of his money and
it takes him 2 hours to lose half of his money at “‘chuk-a-luck,” how long
can he play both games simultaneously if he starts with $1000 and quits
when he has $10 left, which is just enough for a quick nip and carfare home?

For the elementary reactions in series
k k C,=C 5
A—>R—>S, k =k, att=0 { A TR
Cro=Cs=0

find the maximum concentration of R and when it is reached.
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At room temperature sucrose is hydrolyzed by the catalytic action of the
enzyme sucrase as follows:

sucrase
sucrose — products

Starting with a sucrose concentration C,, = 1.0 millimol/liter and an en-
zyme concentration Cgy, = 0.01 millimol/liter, the following kinetic data
are obtained in a batch reactor (concentrations calculated from optical
rotation measurements):

0.84 0.68 0.53 038 027 016 0.09 0.04 0018 0.006 0.0025
1 2 3 4 5 6 7 8 9 10 1

C,, millimol/liter
t,hr

Determine whether these data can be reasonably fitted by a kinetic equation
of the Michaelis—Menten type, or

o= k3CaCro
AT Cu+ Cy

where Cy; = Michaelis constant

If the fit is reasonable, evaluate the constants k; and Cy. Solve by the
integral method.

Repeat the above problem, except this time solve by the differential
method.

An ampoule of radioactive Kr-89 (half life = 76 minutes) is set aside for
a day. What does this do to the activity of the ampoule? Note that radioac-
tive decay is a first-order process.

Enzyme E catalyzes the transformation of reactant A to product R as
follows:

_ 200 CA CEO mOl

enzyme R
—> K, /N . :
A7 2+ (C, liter-min

A

If we introduce enzyme (Cg, = 0.001 mol/liter) and reactant (C,, = 10
mol/liter) into a batch reactor and let the reaction proceed, find the time
needed for the concentration of reactant to drop to 0.025 mol/liter. Note
that the concentration of enzyme remains unchanged during the reaction.

Find the conversion after 1 hour in a batch reactor for

A—R, —r,=3cy-—2

X Tier br’ C,o = 1 mol/liter
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Table P3.20

C,H,SOH, C,H,SOH,
t, min mol/liter t, min mol/liter

0 0 180 411
41 1.18 194 4.31
48 1.38 212 4.45
55 1.63 267 4.86
75 224 318 5.15
96 2.75 368 5.32
127 331 379 5.35
146 3.76 410 5.42

162 3.81 o0 (5.80)

3.20. M. Hellin and J. C. Jungers, Bull. soc. chim. France, 386 (1957), present

3.21.

the data in Table P3.20 on the reaction of sulfuric acid with diethylsulfate
in aqueous solution at 22.9°C:

H,SO, + (C,Hj),S0, = 2C,H,SO,H

Initial concentrations of H,SO, and (C,H;s),SO, are each 5.5 mol/liter. Find
a rate equation for this reaction.

A small reaction bomb fitted with a sensitive pressure-measuring device
is flushed out and then filled with pure reactant A at 1-atm pressure. The
operation is carried out at 25°C, a temperature low enough that the reaction
does not proceed to any appreciable extent. The temperature is then raised
as rapidly as possible to 100°C by plunging the bomb into boiling water,
and the readings in Table P3.21 are obtained. The stoichiometry of the
reaction is 2A — B, and after leaving the bomb in the bath over the
weekend the contents are analyzed for A; none can be found. Find a rate
equation in units of moles, liters, and minutes which will satisfactorily fit
the data.

Table P3.21

T, min 7, atm T, min 7, atm
1 1.14 7 0.850
2 1.04 8 0.832
3 0.982 9 0.815
4 0.940 10 0.800
5 0.905 15 0.754
6 0.870 20 0.728
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For the reaction A — R, second-order kinetics and C,, = 1 mol/liter, we
get 50% conversion after 1 hour in a batch reactor. What will be the
conversion and concentration of A after 1 hour if C,, = 10 mol/liter?

For the decomposition A — R, C,, = 1 mol/liter, in a batch reactor
conversion is 75% after 1 hour, and is just complete after 2 hours. Find a
rate equation to represent these kinetics.

In the presence of a homogeneous catalyst of given concentration, aqueous
reactant A is converted to product at the following rates, and C, alone
determines this rate:

C,, mol/liter 1 2 4 6 7 9 12
—r,, mol/liter - hr 006 01 025 1.0 20 10 05

We plan to run this reaction in a batch reactor at the same catalyst concen-
tration as used in getting the above data. Find the time needed to lower
the concentration of A from C,, = 10 mol/liter to C,; = 2 mol/liter.

The following data are obtained at 0°C in a constant-volume batch reactor
using pure gaseous A:

Time, min 0 2 4 6 8 10 12 14 L
Partial pressure of A, mm 760 600 475 390 320 275 240 215 150

The stoichiometry of the decomposition is A — 2.5R. Find a rate equation
which satisfactorily represents this decomposition.

Example 3.1c showed how to find a rate equation by using the fractional
life method where F = 80%. Take the data from that example and find
the rate equation by using the half-life method. As a suggestion, why not
take C,, = 10, 6, and 2?

When a concentrated urea solution is stored it slowly condenses to biuret
by the following elementary reaction:

2 NH,-CO-NH, — NH,~CO-NH-CO-NH, + NH,

To study the rate of condensation a sample of urea (C = 20 mol/liter) is
stored at 100°C and after 7 hr 40 min we find that 1 mol% has turned into
biuret. Find the rate equation for this condensation reaction. [Data from
W. M. Butt, Pak. I. Ch. E., 1,99 (1973).]

The presence of substance C seems to increase the rate of reaction of A
and B, A + B — AB. We suspect that C acts catalytically by combining
with one of the reactants to form an intermediate, which then reacts further.
From the rate data in Table P3.28 suggest a mechanism and rate equation
for this reaction.
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3.29.

3.30.

3.31.

Table P3.28
[A] [B] [C] TAB
1 3 0.02 9
3 1 0.02 5
4 4 0.04 32
2 2 0.01 6
2 4 0.03 20
1 2 0.05 12

Find the first-order rate constant for the disappearance of A in the gas
reaction 2A — R if, on holding the pressure constant, the volume of the
reaction mixture, starting with 80% A, decreases by 20% in 3 min.

Find the first-order rate constant for the disappearance of A in the gas
reaction A — 1.6R if the volume of the reaction mixture, starting with
pure Aincreases by 50% in 4 min. The total pressure within the system
stays constant at 1.2 atm, and the temperature is 25°C.

The thermal decomposition of hydrogen iodide
2HI—H, + 1,

is reported by M. Bodenstein [Z. phys. chem., 29, 295 (1899)] as follows:

T,°C 508 427 393 356 283
k, cm®mol - s 0.1059 0.00310 0.000588 80.9 X107 0.942 X 1076

Find the complete rate equation for this reaction. Use units of joules, moles,
cm’, and seconds.
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Introduction to Reactor Design

41 GENERAL DISCUSSION

So far we have considered the mathematical expression called the rate equation
which describes the progress of a homogeneous reaction. The rate equation for
a reacting component i is an intensive measure, and it tells how rapidly compo-
nent i forms or disappears in a given environment as a function of the conditions
there, or

r;

_1(an,
“v\a

) = f(conditions within the region of volume V)
by reaction

This is a differential expression.

In reactor design we want to know what size and type of reactor and method
of operation are best for a given job. Because this may require that the conditions
in the reactor vary with position as well as time, this question can only be
answered by a proper integration of the rate equation for the operation. This
may pose difficulties because the temperature and composition of the reacting
fluid may vary from point to point within the reactor, depending on the endother-
mic or exothermic character of the reaction, the rate of heat addition or removal
from the system, and the flow pattern of fluid through the vessel. In effect, then,
many factors must be accounted for in predicting the performance of a reactor.
How best to treat these factors is the main problem of reactor design.

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.

Let us briefly indicate the particular features and the main areas of application
of these reactor types. Naturally these remarks will be amplified further along
in the text. The batch reactor is simple, needs little supporting equipment, and
is therefore ideal for small-scale experimental studies on reaction kinetics. Indus-
trially it is used when relatively small amounts of material are to be treated. The
steady-state flow reactor is ideal for industrial purposes when large quantities
of material are to be processed and when the rate of reaction is fairly high to
extremely high. Supporting equipment needs are great; however, extremely good

83



84  Chapter 4 Introduction to Reactor Design

Composition at any
point is unchanged
with time

Feed —>

Composition
changes

(@) (O]

—> Product

.
{

Volume and Volume changes Volume is constant Product
composition but composition but composition
change is unchanged changes
© @) ()

Figure 4.1 Broad classification of reactor types. (a) The batch reactor. (b) The steady-state
flow reactor. (c), (d), and (e) Various forms of the semibatch reactor.

product quality control can be obtained. As may be expected, this is the reactor
that is widely used in the oil industry. The semibatch reactor is a flexible system
but is more difficult to analyze than the other reactor types. It offers good control
of reaction speed because the reaction proceeds as reactants are added. Such
reactors are used in a variety of applications from the calorimetric titrations in
the laboratory to the large open hearth furnaces for steel production.

The starting point for all design is the material balance expressed for any
reactant (or product). Thus, as illustrated in Fig. 4.2, we have

rate of rate of rate of reactant rate of
reactant reactant loss due to accumulation
flowinto | =| flowout |+ | chemical reaction |+ | ofreactant Q)
element of element within the element in element
of volume of volume of volume of volume

Element of reactor volume

Reactant enters | Reactant leaves

Reactant disappears by reaction
within the element

Reactant accumulates
within the element

Figure 4.2 Material balance for an element of volume
of the reactor.
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Element of reactor volume

Heat enters Heat leaves

Heat disappears by reaction
within the element

Heat accumulates
within the element

Figure 4.3 Energy balance for an element of volume
of the reactor.

Where the composition within the reactor is uniform (independent of position),
the accounting may be made over the whole reactor. Where the composition is
not uniform, it must be made over a differential element of volume and then
integrated across the whole reactor for the appropriate flow and concentration
conditions. For the various reactor types this equation simplifies one way or
another, and the resultant expression when integrated gives the basic performance
equation for that type of unit. Thus, in the batch reactor the first two terms are
zero; in the steady-state flow reactor the fourth term disappears; for the semibatch
reactor all four terms may have to be considered.

In nonisothermal operations energy balances must be used in conjunction with
material balances. Thus, as illustrated in Fig. 4.3, we have

rate of

rate of heat rate of heat disappearance rate Of.
. accumulation
flowinto | _ [ flow out of of heat by o
= + . .o .| +| of heat within (2)
element of element of reaction within
element of
volume volume element of
volume
volume

Again, depending on circumstances, this accounting may be made either about
a differential element of reactor or about the reactor as a whole.

The material balance of Eq. 1 and the energy balance of Eq. 2 are tied together
by their third terms because the heat effect is produced by the reaction itself.

Since Eqs. 1 and 2 are the starting points for all design, we consider their
integration for a variety of situations of increasing complexity in the chapters
to follow.

When we can predict the response of the reacting system to changes in op-
erating conditions (how rates and equilibrium conversion change with tempera-
ture and pressure), when we are able to compare yields for alternative designs
(adiabatic versus isothermal operations, single versus multiple reactor units, flow
versus batch system), and when we can estimate the economics of these various
alternatives, then and only then will we feel sure that we can arrive at the
design well fitted for the purpose at hand. Unfortunately, real situations are
rarely simple.
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At the start
t=0
Constant pressure —\
/— Constant volume ‘
Let time pass
Or ANNNA>

70 Vo Nao I’AojA
Cho Xao =0

Figure 4.4 Symbols used for batch reactors.

Should we explore all reasonable design alternatives? How sophisticated
should our analysis be? What simplifying assumptions should we make? What
shortcuts should we take? Which factors should we ignore and which should we
consider? And how should the reliability and completeness of the data at hand
influence our decisions? Good engineering judgment, which only comes with
experience, will suggest the appropriate course of action.

Symbols and Relationship between C, and X,

For the reaction aA + bB —rR, with inerts iI, Figs. 4.4 and 4.5 show the symbols
commonly used to tell what is happening in the batch and flow reactors. These
figures show that there are two related measures of the extent of reaction, the
concentration C, and the conversion X,. However, the relationship between
C, and X, is often not obvious but depends on a number of factors. This leads
to three special cases, as follows.

Special Case 1. Constant Density Batch and Flow Systems. This includes most
liquid reactions and also those gas reactions run at constant temperature and
density. Here C, and X, are related as follows:

C, dc,
Cao A Cao Vx,=1— Vx =0

for e, = =0 @3
Cy Vx, =0
_=1 _XA and dCA= _CAOdXA
Cao

FA = FAO(]- _XA)

v, CAv XA

Fpg = moles fed/hr

vg = m? fluid entering/nr

Cpo = concentration of A
in the feed stream

If there is any
ambiguity call these

Fap v Cap Xag

V = volume

Figure 4.5 Symbols used for flow reactors.
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To relate the changes in B and R to A we have

Cao=Ca_GCp—GC_Gr—Cyo or CaoXa _ CooXp @)
a b r a b
Special Case 2. Batch and Flow Systems of Gases of Changing Density but
with T and = Constant. Here the density changes because of the change in
number of moles during reaction. In addition, we require that the volume of a
fluid element changes linearly with conversion, or V = V{ (1 + £,X,).

_ Ca—Ca and dX, = — Cao1 +24)

= —=dC
A Cpo t &aCs (Cao+ 8ACA)2 A ‘
or
T ETN A T T A
VXA=1 - VXA=0
=0 ®

To follow changes in the other components we have

& _ (r/a)XA + CRO/CAO

eaXy = eg Xp =
between b for products | Ca0 1+ e\ Xy ©)
reactants aes _ Dt and inerts C 1
Cho  Cao e
CIO 1 + & AX A

Special Case 3. Batch and Flow Systems for Gases in General (varying p, T,
) which react according to

aA + bB—rR, at+b#r

Pick one reactant as the basis for determining the conversion. We call this the
key reactant. Let A be the key. Then for ideal gas behavior,

1_&(I@>

X, = Cpo \Tym or Ca _ 1—-X, <57_1>
1+ GA& (m) Cpo 1+ e, X\ \Tmy
Cpo \Tym
Em_&(ﬂ) Cw _b
= Cao  Cao \Tym or &___ Cp a * <M>
2+8A&<_]E> Cpo  1+e X, \Tm
a Cpo \Tym

Cro , 1
—+-X
Cr _Cn_a A(&)
CAO 1+8AXA T7TO
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T, T,
For high-pressure nonideal gas behavior replace <£) by (zo 077), where z is
T, zTm

the compressibility factor. To change to another key reactant, say B, note that

agy _ % CaoXa _ CyXp
Cro Co ™ 4 b

For liquids or isothermal gases with no change pressure and density

T,m
ga—0 and <Tiﬂo> -1

and the preceding expressions simplify greatly.

A BALANCE FROM STOICHIOMETRY

Consider a feed C,, = 100, Cg, = 200, C;; = 100 to a steady-flow reactor. The
isothermal gas-phase reaction is

A +3B—>6R
If C, = 40 at the reactor exit, what is Cy, X,, and Xg there?
SOLUTION

First sketch what is known (see Fig. E4.1).

Cpo = 100
Cao = 200
Cig =100

Figure E4.1

Next recognize that this problem concerns Special Case 2. So evaluate ¢, and
eg. For this take 400 volumes of gas

atX,=0 V=100A +200B + 100i = 400 } 600 — 400
atX,=1 V=0A-100B +600R +100i =600 ~~ 400

N~
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Then from the equations in the text

_ NGO _ (1/2)(200) _ l

87 pC,, 301000 3

X, = Cao=Ca __100-40 _ 60 _
AT ChteaCs 100+ (1/2)40 120 ==

_ bCaXa _3(100)(05) _

X =—c. 200 n

W

IS

c—c ( 1- X >: 2001 - 0.75) _
BT BN + 65X/ 1+ (1/3)(0.75) =

PROBLEMS

The following four problems consider an isothermal single-phase flow reactor
operating at steady-state and constant pressure.

4.1.

4.2,

4.3.

44.

Given a gaseous feed, C,y = 100, Cyy = 200, A+ B—>R + S, X, = 0.8,
Find X3, C,, Cg.

Given a dilute aqueous feed, C,, = Cgy = 100, A + 2B—>R + S, C, = 20.
Find X,, X3, C;.

Given a gaseous feed, C, = 200, Cg, = 100, A + B—R, C, = 50. Find
X4, Xz, Cg.

Given a gaseous feed, C,y = Cgy = 100, A + 2B—R, C3 = 20. Find X,,
Xg, Cy.

In the following two problems a continuous stream of fluid enters a vessel at
temperature 7, and pressure m,, reacts there, and leaves at T and .

4.5.

4.6.

Given a gaseous feed, T, = 400 K, my = 4 atm, C,, = 100, Cyy = 200,
A +B—2R, T =300K,7 =3 atm, C, = 20. Find X,, X3, C.

Given a gaseous feed, T, = 1000 K, m, = 5 atm, C,, = 100, Cy, = 200,
A +B—>5R, T=400K, 7 =4 atm, C, = 20. Find X,, X3, Cg.

4.7.

A Commercial Popcorn Popping Popcorn Popper. We are constructing a
1-liter popcorn popper to be operated in steady flow. First tests in this unit
show that 1 liter/min of raw corn feed stream produces 28 liter/min of mixed
exit stream. Independent tests show that when raw corn pops its volume
goes from 1 to 31. With this information determine what fraction of raw
corn is popped in the unit.
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Ideal Reactors for a Single
Reaction

In this chapter we develop the performance equations for a single fluid reacting
in the three ideal reactors shown in Fig. 5.1. We call these homogeneous reactions.
Applications and extensions of these equations to various isothermal and noniso-
thermal operations are considered in the following four chapters.

In the batch reactor, or BR, of Fig. 5.1a the reactants are initially charged into
a container, are well mixed, and are left to react for a certain period. The resultant
mixture is then discharged. This is an unsteady-state operation where composition
changes with time; however, at any instant the composition throughout the
reactor is uniform.

The first of the two ideal steady-state flow reactors is variously known as the
plug flow, slug flow, piston flow, ideal tubular, and unmixed flow reactor, and it
is shown in Fig. 5.1b. We refer to it as the plug flow reactor, or PFR, and to this
pattern of flow as plug flow. It is characterized by the fact that the flow of fluid
through the reactor is orderly with no element of fluid overtaking or mixing with
any other element ahead or behind. Actually, there may be lateral mixing of
fluid in a plug flow reactor; however, there must be no mixing or diffusion along

Uniformly
* mixed

Feed Product

Uniformly
mixed Product
(@ ® ©
Figure 5.1 The three types of ideal reactors: (a) batch reactor, or BR; (b) plug flow
reactor, or PFR; and (c) mixed flow reactor, or MFR.
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the flow path. The necessary and sufficient condition for plug flow is for the
residence time in the reactor to be the same for all elements of fluid.”

The other ideal steady-state flow reactor is called the mixed reactor, the
backmix reactor, the ideal stirred tank reactor, the C* (meaning C-star), CSTR,
or the CFSTR (constant flow stirred tank reactor), and, as its names suggest, it
is a reactor in which the contents are well stirred and uniform throughout. Thus,
the exit stream from this reactor has the same composition as the fluid within
the reactor. We refer to this type of flow as mixed flow, and the corresponding
reactor the mixed flow reactor, or MFR.

These three ideals are relatively easy to treat. In addition, one or other usually
represents the best way of contacting the reactants—no matter what the opera-
tion. For these reasons, we often try to design real reactors so that their flows
approach these ideals, and much of the development in this book centers
about them.

In the treatment to follow it should be understood that the term V, called the
reactor volume, really refers to the volume of fluid in the reactor. When this
differs from the internal volume of reactor, then V, designates the internal volume
of reactor while V designates the volume of reacting fluid. For example, in solid
catalyzed reactors with voidage ¢ we have

V=gV,

For homogeneous systems, however, we usually use the term V alone.

5.1 IDEAL BATCH REACTOR

Make a material balance for any component A. For such an accounting we
usually select the limiting component. In a batch reactor, since the composition
is uniform throughout at any instant of time, we may make the accounting about
the whole reactor. Noting that no fluid enters or leaves the reaction mixture
during reaction, Eq. 4.1, which was written for component A, becomes

=0 =0
ig,pﬁ(t = 0911{:1'[ + disappearance + accumulation

or
rate of loss of reactant A rate of accumulation
+ within reactor due to = — of reactant A (0)]
chemical reaction within the reactor

Evaluating the terms of Eq. 1, we find

disappearance of A moles A reacting

?;’(;12272;2’ = (V= <(time)(volume of ﬂuid)) (volume of fluid)
accumulation of A, _ dN, _ d[Naf(1 — X)) _ N dXy

moles/time dt dt AV dt

* The necessary condition follows directly from the definition of plug flow. However, the sufficient
condition—that the same residence times implies plug flow—can be established only from the second
law of thermodynamics.
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By replacing these two terms in Eq. 1, we obtain

dX,
(=ra)V = NAO_dt 2)
Rearranging and integrating then gives
_ x, dX,
t NAO 0 (_rA)V (3)

This is the general equation showing the time required to achieve a conversion
X, for either isothermal or nonisothermal operation. The volume of reacting
fluid and the reaction rate remain under the integral sign, for in general they
both change as reaction proceeds.

This equation may be simplified for a number of situations. If the density of
the fluid remains constant, we obtain

fXAdXA _ _J'cA aCy

foreg, =0
Cao —7p A @

For all reactions in which the volume of reacting mixture changes proportionately
with conversion, such as in single gas-phase reactions with significant density
changes, Eq. 3 becomes

dx, o[ dx,
(—r)Vo(1 + ex X,) AJo (=ra)(1 + g5 X,)

&)

X
t= Ny OA

In one form or another, Egs. 2 to 5 have all been encountered in Chapter 3.
They are applicable to both isothermal and nonisothermal operations. For the
latter the variation of rate with temperature, and the variation of temperature
with conversion, must be known before solution is possible. Figure 5.2 is a
graphical representation of two of these equations.

rConstant-density systems only

Area = t/NAO'
from Eq. 3

Area = 1/Cpq,
1 from Eq. 4

Area =1,
from Eq. 4

Figure 5.2 Graphical representation of the performance equations for batch reactors,
isothermal or nonisothermal.
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Space-Time and Space-Velocity

Just as the reaction time ¢ is the natural performance measure for a batch reactor,
so are the space-time and space-velocity the proper performance measures of
flow reactors. These terms are defined as follows:

Space-time:

time required to process one
7= —= | reactor volume of feed measured | = [time] 6)
§ at specified conditions

Space-velocity:

number of reactor volumes of
s = — = | feed at specified conditions which | = [time™!] @)
can be treated in unit time

Thus, a space-velocity of 5 hr™! means that five reactor volumes of feed at
specified conditions are being fed into the reactor per hour. A space-time of 2
min means that every 2 min one reactor volume of feed at specified conditions
is being treated by the reactor.

Now we may arbitrarily select the temperature, pressure, and state (gas, liquid,
or solid) at which we choose to measure the volume of material being fed to
the reactor. Certainly, then, the value for space-velocity or space-time depends
on the conditions selected. If they are of the stream entering the reactor, the
relation between s and 7 and the other pertinent variables is

moles A entenng) (volume of reactor)
1 CyxV _\ volume of feed
s Fao (moles A entering> ®)
time
V. _ (reactor volume)

v, (volumetric feed rate)

It may be more convenient to measure the volumetric feed rate at some
standard state, especially when the reactor is to operate at a number of tempera-
tures. If, for example, the material is gaseous when fed to the reactor at high
temperature but is liquid at the standard state, care must be taken to specify
precisely what state has been chosen. The relation between the space-velocity
and space-time for actual feed conditions (unprimed symbols) and at standard
conditions (designated by primes) is given by

pe=l oV Ca_1Cw ®)
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In most of what follows, we deal with the space-velocity and space-time based
on feed at actual entering conditions; however, the change to any other basis is

easily made.

5.2 STEADY-STATE MIXED FLOW REACTOR

The performance equation for the mixed flow reactor is obtained from Eq. 4.1,
which makes an accounting of a given component within an element of volume
of the system. But since the composition is uniform throughout, the accounting
may be made about the reactor as a whole. By selecting reactant A for consider-
ation, Eq. 4.1 becomes

=0
input = output + disappearance by reaction + accunpdation

(10)

As shown in Fig. 5.3, if F,;, = v,C,, is the molar feed rate of component A to
the reactor, then considering the reactor as a whole we have

input of A, moles/time = Fo(1 — X,() = Fa

output of A, moles/time = F, = Fyy(1 — X,)

disappearance of A

by reaction,
moles/time

moles A reacting

——

Introducing these three terms into Eq. 10, we obtain

Fag Xy = (=ra)V

which on rearrangement becomes

V o AXy, X,
Fano Cag —ra —14
or any g,
1_V _VCy _ CpoXa
s vy Fa —ra
Cho
Fao
Car=Ca
Xar=Xa
vf
(_rA)f= (—I‘A)
Uniform Fp
throughout

Figure 5.3 Notation for a mixed reactor.

(time)(volume of fluid)

volume of)

an
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where X, and r, are measured at exit stream conditions, which are the same as
the conditions within the reactor.

More generally, if the feed on which conversion is based, subscript 0, enters
the reactor partially converted, subscript i, and leaves at conditions given by
subscript f, we have

v _ AX, _ X~ Xai
Fag (*"A)f (_rA)f
or 12)
_ VCAO _ CAO(XAf — XAi)
T = —i
Faro (_rA)f

For the special case of constant-density systems X, = 1 — C,/C,q, in which
case the performance equation for mixed reactors can also be written in terms
of concentrations or

V _ Xy _Cp—Cy

Fay —Ta Cag(—
or A0 ra Cao=1a) £ =0 13)

_V _CaoXa_Ca—Ca
v "I‘A —I‘A

T

These expressions relate in a simple way the four terms X, , —r,, V, F,; thus,
knowing any three allows the fourth to be found directly. In design, then, the
size of reactor needed for a given duty or the extent of conversion in a reactor
of given size is found directly. In kinetic studies each steady-state run gives,
without integration, the reaction rate for the conditions within the reactor. The
ease of interpretation of data from a mixed flow reactor makes its use very
attractive in kinetic studies, in particular with messy reactions (e.g., multiple
reactions and solid catalyzed reactions).

Figure 5.4 is a graphical representation of these mixed flow performance
equations. For any specific kinetic form the equations can be written out directly.

| Constant-density systems onlu

\4 T
Area = — = — 17¢
Fpo  Cao 1 Area = 1 = TAQ
f Eq. 11 - = AO
rom =4 A from Eq. 13
Conditions
within reactor —
and at exit
XA CA

0 XA

0 G Cho

Figure 5.4 Graphical representation of the design equations for mixed flow reactor.
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As an example, for constant density systems C,/Cyy = 1 — X, thus the perfor-
mance expression for first-order reaction becomes

X Cp—C
kﬂr=1_‘zYA= AOCA A fore, =0 (14a)

On the other hand, for linear expansion

_ CA_ 1—XA
V=Vyl+e,X,) and RREETA

thus for first-order reaction the performance expression of Eq. 11 becomes

X1+ e, Xa)

kT =X,

for any g4 (14b)

For second-order reaction, A — products, —r, = kC%, &, = 0, the performance
equation of Eq. 11 becomes

k _CAO_CA _'_1+ V1+4kTCAO 15

Similar expressions can be written for any other form of rate equation. These
expressions can be written either in terms of concentrations or conversions.
Using conversions is simpler for systems of changing density, while either form
can be used for sytems of constant density.

REACTION RATE IN A MIXED FLOW REACTOR

One liter per minute of liquid containing A and B (C,, = 0.10 mol/liter, Cy, =
0.01 mol/liter) flow into a mixed reactor of volume V = 1 liter. The materials
react in a complex manner for which the stoichiometry is unknown. The outlet
stream from the reactor contains A, B, and C (C,; = 0.02 mol/liter, Cy; = 0.03
mol/liter, C; = 0.04 mol/liter), as shown in Fig. ES.1. Find the rate of reaction
of A, B, and C for the conditions within the reactor.

v =vg =1 litymin
CAO = 0.1 mol/lit
Cgo = 0.01 mol/lit

Cp= CAf= 0.02 mol/lit
Cg = 0.03 mollit
Cc = 0.04 molfiit
Liquid

Figure ES.1
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SOLUTION

For a liquid in a mixed flow reactor ¢, = 0 and Eq. 13 applies to each of the
reacting components, giving for the rate of disappearance:

Cao=Ca_Cao—Cs_010-0.02

—ry = . Vio 1 = (.08 mol/liter - min
Cyo— G - ’

—rp = 2 - B _ 001 1 0.03 _ —0.02 mol/liter - min
Co— C - 0. .

—re =2 . c_0 10 04 _ .04 mol/liter- min

Thus A is disappearing while B and C are being formed.

KINETICS FROM A MIXED FLOW REACTOR

Pure gaseous reactant A (C,, = 100 millimol/liter) is fed at a steady rate into a
mixed flow reactor (V = 0.1 liter) where it dimerizes (2A — R). For different
gas feed rates the following data are obtained:

Run number 1 2 3 4
vy, liter/hr 10.0 3.0 1.2 0.5
Cass millimol/liter 85.7 66.7 50 334

Find a rate equation for this reaction.
SOLUTION

For this stoichiometry, 2A — R, the expansion factor is

and the corresponding relation between concentration and conversion is

Eé_-— 1_XA _ l_XA
ON 1+8AXA_ 1

1= 2 X,

or

_ 1 - CA/CAO _ 1 - CA/CAO
1 + SACA/CAO ]. - CA/ZCAO

Xa
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The conversion for each run is then calculated and tabulated in column 4 of
Table E5.2.

Table ES.2
Calculated
Given ()= 00Ca0Xa
Run v, Cy XA WETTy log Cy log (=r4)
1 10.0 85.7 0.25 Lli)(—l-go—l)(-m = 2500 1.933 3.398
2 3.0 66.7 0.50 1500 1.824 3.176
3 1.2 50 0.667 800 1.699 2.903
4 0.5 333 0.80 400 1.522 2.602

From the performance equation, Eq. 11, the rate of reaction for each run is
given by

(=r) = CaoXa [millimol]

A v liter - hr
These values are tabulated in column 5 of Table E5.2.

Having paired values of r, and C, (see Table E5.2) we are ready to test
various kinetic expressions. Instead of separately testing for first-order (plot r,
vs. C,), second-order (plot r, vs. C%), etc., let us test directly for nth-order
kinetics. For this take logarithms of —r, = kC%, giving

log(—ry) =log k + nlog Cy,

For nth-order kinetics this data should give a straight line on a log (—r,) vs. log
C, plot. From columns 6 and 7 of Table ES.2 and as shown in Fig. ES.2, the

4 |
3.398 - 2.602
lope = 2:326 = £.602
Slope = T35~ 1.522 \
. =1.93=2
&
L 31 Fit the lowest point —
2 400 =k (33.3)2
~k=0.36
U
/
/
/
9 L 7
0 1 2
log Cp,

Figure ES.2
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four data points are reasonably represented by a straight line of slope 2, so the
rate equation for this dimerization is

o liter ) millimol
Ta <0'36hr-miuimol) Ch [liter-hr]

Comment. If we ignore the density change in our analysis (or put g, =0
and use C,/Cny =1 — X,) we end up with an incorrect rate equation (reaction
order n = 1.6) which when used in design would give wrong performance predic-

tions.
N |

MIXED FLOW REACTOR PERFORMANCE

The elementary liquid-phase reaction

with rate equation

—ry = —% rg = (12.5 liter?/mol?- min) C, C3 — (1.5 min)Cg, [ﬁ%ﬂ

is to take place in a 6-liter steady-state mixed flow reactor. Two feed streams,
one containing 2.8 mol A/liter and the other containing 1.6 mol B/liter, are to
be introduced at equal volumetric flow rates into the reactor, and 75% conversion
of limiting component is desired (see Fig. E5.3). What should be the flow rate
of each stream? Assume a constant density throughout.

Cpo = 2.8 mol Alliter

Ciyo= 1.6 mol Blliter

Up=Ug =V I |

75% conversion of B

V=6 liter

Figure E5.3
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SOLUTION
The concentration of components in the mixed feed stream is
Cyo = 1.4 mol/liter

Cpgo = 0.8 mol/liter
CRO = 0

These numbers show that B is the limiting component, so for 75% conversion
of B and & = 0, the composition in the reactor and in the exit stream is

C, =14 - 0.6/2 = 1.1 mol/liter
= (0.8 — 0.6 = 0.2 mol/liter or 75% conversion
Cg = 0.3 mol/liter

Writing the rate and solving the problem in terms of B we have at the conditions
within the reactor

—rg =2(=ry) = (2 X 12.5)C,C} — (2 X 1.5)C

_ liter? mol mol \’ I mol

B (25 mol?- min) <1'1 liter> (0'2 liter> (3min”) (0 3 hter)
mol mol

=(1.1-09) liter - min =02 liter - min

For no density change, the performance equation of Eq. 13 gives

|4 CBO Cy
v —ry

T=

Hence the volumentric flow rate into and out of the reactor is

V( Ig)
T Cyy-Gy

(6 liter)(0.2 mol/liter - min) _
(0.8 — 0.6) mol/liter

v= = 6 liter/min

or

3 liter/min of each of the two feed streams
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5.3 STEADY-STATE PLUG FLOW REACTOR

In a plug flow reactor the composition of the fluid varies from point to point
along a flow path; consequently, the material balance for a reaction component
must be made for a differential element of volume dV. Thus for reactant A, Eq.

4.1 becomes
=0
input = output + disappearance by reaction + acculpzu/l(ation (10)

Referring to Fig. 5.5, we see for volume dV that

input of A, moles/time = F,
output of A, moles/time = F, + dF,

disappearance of A by
reaction, moles/time = (—r,)dV

_ < moles A reacting) )(volume of)
(time)(volume of fluid) /\ element

Introducing these three terms in Eq. 10, we obtain
F, = (Fy + dFy) + (—ry)dV
Noting that
dFp = d[Fa(1 — Xp)] = —FpodX,
We obtain on replacement

FAOdXA = (_'rA)dV (16)

Car

Distance through reactor

Figure 5.5 Notation for a plug flow reactor.
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This, then, is the equation which accounts for A in the differential section of
reactor of volume dV. For the reactor as a whole the expression must be inte-
grated. Now F,,, the feed rate, is constant, but r, is certainly dependent on
the concentration or conversion of materials. Grouping the terms accordingly,

we obtain
JV aV _ (X aX,
0Fyy Jo —ry
Thus
Y _ T _ fo,_dXA
F C 0o —r
or A¢ A? A any g4 an

—K—-VCAO—C J'XAdeA
T F. tao -
Vo A0 0 ra

T

Equation 17 allows the determination of reactor size for a given feed rate and
required conversion. Compare Eqgs. 11 and 17. The difference is that in plug flow
r varies, whereas in mixed flow r, is constant.

As a more general expression for plug flow reactors, if the feed on which
conversion is based, subscript 0, enters the reactor partially converted, subscript
i, and leaves at a conversion designated by subscript f, we have

Vv _ X5 dXp
FAO XAi _rA
or 18)
_ XprdX 5
T CAO IXA,' _rA

For the special case of constant-density systems

Ca
X,=1—-—== and dX,=—-—
A Cao A Cho

in which case the performance equation can be expressed in terms of concentra-

tions, or
L=L=jXAdeA= _LfCAfd_Cé
F C 0 —r Chrot Cao —F
or A0 A0 A A07 Cao —TA 6y =0 19)
_y_ Xy dXp _ _ ([ 4Ca
T o CAOIO —ra chO —ra
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Constant-density systems only —|

Area = Y. L,
Fpo Cao CanV
from Eq. 17 Area =t = 20",
Fpo
from Eq. 19
1 r—C curve

for the
reaction

Ca

X0

0 CA CAO

Figure 5.6 Graphical representation of the performance equations for plug flow reactors.

These performance equations, Egs. 17 to 19, can be written either in terms of
concentrations or conversions. For systems of changing density it is more conve-
nient to use conversions; however, there is no particular preference for constant
density systems. Whatever its form, the performance equations interrelate the
rate of reaction, the extent of reaction, the reactor volume, and the feed rate, and
if any one of these quantities is unknown it can be found from the other three.

Figure 5.6 displays these performance equations and shows that the space-
time needed for any particular duty can always be found by numerical or graphical
integration. However, for certain simple kinetic forms analytic integration is
possible—and convenient. To do this, insert the kinetic expression for r, in Eq.
17 and integrate. Some of the simpler integrated forms for plug flow are as follows:
Zero-order homogeneous reaction, any constant £,

= CpoXa (20)

First-order irreversible reaction, A — products, any constant g,,

kr=—(1+ey)In(1—X,) — e X, 21

First-order reversible reaction, A<rR, Cyi/Cn, = M, kinetics approximated or
fitted by —r, = k;C, — k,Cg with an observed equilibrium conversion X,,, any
constant g,,

M+rX,, X

Second-order irreversible reaction, A + B —products with equimolar feed or
2A — products, any constant &,,

X
Caokt=2e,(1 + g)In(1 — X,) + 63X, + (84 + 1)2ﬁ; 23)
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Where the density is constant, put ¢, = 0 to obtain the simplified perfor-
mance equation.

By comparing the batch expressions of Chapter 3 with these plug flow expressions
we find: :

(1) For systems of constant density (constant-volume batch and constant-den-
sity plug flow) the performance equations are identical, 7 for plug flow
is equivalent to ¢ for the batch reactor, and the equations can be used
interchangeably.

(2) For systems of changing density there is no direct correspondence between
the batch and the plug flow equations and the correct equation must be
used for each particular situation. In this case the performance equations
cannot be used interchangeably.

The following illustrative examples show how to use these expressions.

PLUG FLOW REACTOR PERFORMANCE

A homogeneous gas reaction A —3R has a reported rate at 215°C
—ry =1072CY2,  [mol/liter-sec]

Find the space-time needed for 80% conversion of a 50% A-50% inert feed to
a plug flow reactor operating at 215°C and 5 atm (C,, = 0.0625 mol/liter).

Alg) - 3R(g)

50% A — 50% |
215°C
5 atm

XA = 08

Figure E5.4a
SOLUTION

For this stoichiometry and with 50% inerts, two volumes of feed gas would give
four volumes of completely converted product gas; thus

4-2
2

EpA T

=1

in which case the plug flow performance equation, Eq. 17, becomes

— XAdeA_ Xar dX, _CX(Z) 08 (1 + X, 1z .
T CAOJO —r _CAOJO 1-Xx, \12 kjo 1-X, aXy M
(7o)
AXA

The integral can be evaluated in any one of three ways: graphically, numerically,
or analytically. Let us illustrate these methods.
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Table E5.4
1+ X, (1 +XA>1’2
X, 1-X, 1-X,
0 1 1
0.2 % =15 1.227
0.4 2.3 1.528
0.6 4 2
0.8 9 3

Graphical Integration. First evaluate the function to be integrated at selected
values (see Table ES.4) and plot this function (see Fig. E5.4b).

Average height = 1.7

Area 1.7(0.8) = 1.36

Xp

Figure E5.4b

Counting squares or estimating by eye we find

08 1 + X 12
Area = fo (ﬁ) dX, = (1.70)(0.8) = 1.36

Numerical Integration. Using Simpson’s rule, applicable to an even number
of uniformly spaced intervals on the X, axis, we find for the data of Table E5.4,

8 (1+ X\ . ,
f 08 (——A> dX, = (average height)(total width)
0 1- XA

_ [1(1) + 4(1.227) + 28528) +42) + 1(3)] (0.8)

=1.331
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Analytical Integration. From a table of integrals

J‘O.S 1+XA 0.8 1+XA

= (arcsinXA— V1 —Xﬁ)

038
=1.328

0 =

The method of integration recommended depends on the situation. In this prob-
lem probably the numerical method is the quickest and simplest and gives a
good enough answer for most purposes.

So with the integral evaluated, Eq. (i) becomes

_ _ (0.0625 mol/liter)"?
(1072 mol?/liter'? - sec)

IR

(1.33) = 33.2 sec

PLUG FLOW REACTOR VOLUME

The homogeneous gas decomposition of phosphine
4PH;(g) = Py(g) + 6H,
proceeds at 649°C with the first-order rate

_'rPH3 = (10/1’11') CPH3

What size of plug flow reactor operating at 649°C and 460 kPa can produce 80%
conversion of a feed consisting of 40 mol of pure phosphine per hour?

4A > R +6S

Plug flow

40 mol/hr
649°C
h0 = 460 kPa

XA = 08

Figure ES.5

SOLUTION

Let A = PH;, R = P,, S = H,. Then the reaction becomes

4A —R + 6S
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with
—ry = (10/hr) C,

The volume of plug flow reactor is given by Eq. 21

V—F 1+ 1 1 _ X
kC o ( SA)H X, EAXA

Evaluating the individual terms in this expression gives

F,, = 40 mol/hr

k =10/hr
_Pao _ 460 000 Pa _ 3
Cao = RT ™~ 8314 Pa- mimol K)(922 K) _ 00 mol/m
_7-4
AT T T =0.75
=0.8
hence the volume of reactor
40 mol/hr
= —+ — = (. 3
I__/ (10/br)(60 mol/m?) [(1 0.75) ln 0.75(0. 8)] 0.148 m
= 148 liters

TEST OF A KINETIC EQUATION IN A PLUG FLOW
REACTOR

We suspect that the gas reaction between A, B, and R is an elementary revers-
ible reaction

A+B+=R

ky

and we plan to test this with experiments in an isothermal plug flow reactor.

(a) Develop the isothermal performance equation for these kinetics for a feed
of A, B, R, and inerts.

(b) Show how to test this equation for an equimolar feed of A and B.
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SOLUTION

(a) Feed of A, B, R, and inerts. For this elementary reaction the rate is
N, N, N
—rp =k C\Cq — kyCq = kl—T/é_VB- - kZVR

At constant pressure, basing expansion and conversion on substance A,

NAO_NAOXA NBO_NAOXA NR0+NAOXA

A=k Vo1 + eaXy) Vo (1 + €4 X5) Vo (1 + eaX,)

Letting M = Cgy/Cpg, M’ = Cgy/Cag, We obtain

—r = k.C2 - — A
koA e Xy RN ox,

Hence, the design equation for plug flow, Eq. 17, becomes

s ijdeA _ j‘XAf (1 + eaXp)’d Xy
A9 —ry S0 kCaf(1 = XM — X)) — kp(M' + X,)(1 + £, X))

0

In this expression &, accounts for the stoichiometry and for inerts present in

the feed.

(b) Equimolar feed of A and B. For C,y = Cgg, Cry = 0, and no inerts, we
have M =1, M’ =0, &, = —0.5; hence the expression for part a reduces to

— Xar (1 - O.SXA)2 dXA %ll Xos .

Having V, v,, and X, data from a series of experiments, separately evaluate
the left side and the right side of Eq. (i). For the right side, at various X,

4
<<
| o
<C
28 °
<R o
'“""—1
1 o
%";‘i‘ Eq. (i) predicts a
¢ o straight line
correlation
o
t= V/l)o

Figure ES5.6
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evaluate f(X,), then integrate graphically to give [f(X,)dX, and then make
the plot of Fig. E5.6. If the data fall on a reasonably straight line, then the
suggested kinetic scheme can be said to be satisfactory in that it fits the data.

u

Holding Time and Space Time for Flow Reactors

We should be clearly aware of the distinction between these two measures of
time, 7 and 7. They are defined as follows:

time needed to

7= | treat one reactor | = V_ (;,*—OV, [hr] (6) or (8)
volume of feed Yo A0
mean residence time . X
= of flowing material |=C,, | * A . [hr 24)
in the reactor Mo (=r)(1 + eaXy) (]

For constant density systems (all liquids and constant density gases)

SERN

For changing density systems 7 # 7and 7 # V/v, in which case it becomes difficult
to find how these terms are related.

As a simple illustration of the difference between f and 7, consider two cases
of the steady-flow popcorn popper of Problem 4.7 which takes in 1 liter/min of
raw corn and produces 28 liters/min of product popcorn.

Consider three cases, called X, Y, and Z, which are shown in Fig. 5.7. In the
first case (case X) all the popping occurs at the back end of the reactor. In the

Case X Case Y Case Z

/ﬁ—» 28 liter/min ﬁ—-» 28 liter/min —> 28 liter/min
Pop and [Fvey)
expand—ﬂ <

| — Unpopped RS | — Popped
popcorn gg‘(}%@ popcorn
KSAD
0RO

V=1 liter xo%ggg V=1 liter ~

KSAD
0SS
008 1
L em B2 N
: op ;
T expand ﬁT T
here
1 liter/min 1 liter/min, 1 liter/min,
of unpopped corn unpopped unpopped

Figure 5.7 For the same 7 value the 7 values differ in these three cases.
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second case (case Y) all the popping occurs at the front end of the reactor. In
the third case (case Z) the popping occurs somewhere between entrance and exit.
In all three cases

=1 |4 1liter 1 min
T = = =—=——=
XY "2y 1liter/min

irrespective of where the popping occurs. However, we see that the residence
time in the three cases is very different, or

= _ 1 liter — 1 min
X1 liter/min

7= 1 liter =7 sec
Y 28liter/min

t, is somewhere between 2 and 60 s, depending on the kinetics

Note that the value of  depends on what happens in the reactor, while the value
of 7is independent of what happens in the reactor.

This example shows that 7 and 7 are not, in general, identical. Now which is
the natural performance measure for reactors? For batch systems Chapter 3
shows that it is the time of reaction; however, holding time does not appear
anywhere in the performance equations for flow systems developed in this chap-
ter, Egs. 13 to 19, while it is seen that space-time or V/F,, does naturally appear.
Hence, 7 or V/F,, is the proper performance measure for flow systems.

The above simple example shows that in the special case of constant fluid
density the space-time is equivalent to the holding time; hence, these terms can
be used interchangeably. This special case includes practically all liquid phase
reactions. However, for fluids of changing density, e.g., nonisothermal gas reac-
tions or gas reactions with changing number of moles, a distinction should be
made between 7and 7 and the correct measure should be used in each situation.

Summary of Performance Equations

Tables 5.1 and 5.2 present the integrated performance equations for single
ideal reactors.

REFERENCES

Corcoran, W. H., and Lacey, W. N., Introduction to Chemical Engineering Problems,
McGraw Hill, New York, 1970, p. 103.
Pease, R. N., J. Am. Chem. Soc., 51, 3470 (1929).



Ny Ny Vi— o Yi— Yo
= - T vy o T -
(€D TS =5 5 L 6D p ‘. = 5p o _, =1 91®1 [RISUAD)
0="D
v A4 v VA~)0V v 4 4 v ov.
X -"x o ="2)™">o . Aklxv v AOio Au v . 4
= =1 u = u — =1
XX (o) (0 -") vy ) TE T e ) ) q==v
I = u
(62°¢)
(VX = D% _ (o) — 1y v YOy = Va—
VX Vo - %) T-uw(X-D=1- ﬁAﬂv =24 %ND(T — 1) u Kue
X -D" %] B x-1_ ov Yoy = Vi—
= = N = = L
(sD Vi 5 =) A 1°¢) 5% V5 v, o4y Z=u
v v v \4
X—-1_ 2  _ . X-1__ "0 Yoy = Vu—
D X -0 @ B S R [=u
ov ov ov ov v
Vg o Y 2 Vy o~ <
le\bl@{blbv\ A@NV k|<U|O<U|bVN O”:
MO[ PXIN yojeq 10 mo[q Snid

0 = Y8 pue sonjoury IepIo-yiu 10} suonenbyg souewiofvd 'S dIqeL

111



Vy_

an 5 L

<Mm< _ )QN w<N
xYe+T)Vx Y

D ﬂ%wmmww Ve
(gv1) QNN|MM§ =1y
Vy = w

MO[J PIXIN

0V~ —
@ Vo) "0 =
\4 A v
) VxVa — t u(VxVs + 1) = X
vx Ly
<MN _ H \4 VvV \4 A4 A4 ov
(€2) y (1 +V8) +VxYe + (Yx — Du(Vs + 1)Ver = Vory
Vy V. <N< -1 v
o) XYoo (Ve + 1) =1y
oV
o)
Vy — _~
00 X =1y
morJ Snid

uorssaidxo [eIouan)

0=")
4
%W<
[=u
Yoy = Vu—
u Aue
Yoy = Vi—
=1u
Yo = Vu—
I=u
¥ =Vi—
o = :

0 5 Y3 pue sonoury] I9pio-yiu I0J suonenby 90UBWIONSJ T°S el

112



PROBLEMS

5.1.

5.2.

5.3.

54.

5.5.

5.6.

Problems 113

Consider a gas-phase reaction 2A —R + 2S with unknown kinetics. If a
space velocity of 1/min is needed for 90% conversion of A in a plug flow
reactor, find the corresponding space-time and mean residence time or
holding time of fluid in the plug flow reactor.

In an isothermal batch reactor 70% of a liquid reactant is converted in 13
min. What space-time and space-velocity are needed to effect this conver-
sion in a plug flow reactor and in a mixed flow reactor?

A stream of aqueous monomer A (1 mol/liter, 4 liter/min) enters a 2-liter
mixed flow reactor, is radiated therein, and polymerizes as follows:

+A +A +A

A R S T...

In the exit stream C, = 0.01 mol/liter, and for a particular reaction product
W, Cy = 0.0002 mol/liter. Find the rate of reaction of A and the rate of
formation of W.

We plan to replace our present mixed flow reactor with one having double
the volume. For the same aqueous feed (10 mol A/liter) and the same feed
rate find the new conversion. The reaction kinetics are represented by

A—R, —rpy = kCY
and present conversion is 70%.

An aqueous feed of A and B (400 liter/min, 100 mmol A/liter, 200 mmol
B/liter) is to be converted to product in a plug flow reactor. The kinetics
of the reaction is represented by

mol
A +B—R, _rA=200CACBm

Find the volume of reactor needed for 99.9% conversion of A to product.

A plug flow reactor (2 m?) processes an aqueous feed (100 liter/min) con-
taining reactant A (C,, = 100 mmol/liter). This reaction is reversible and
represented by

A — R, =7, = (0.04 min™Y)C, — (0.01 min™1)Cy

First find the equilibrium conversion and then find the actual conversion
of A in the reactor.
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5.7.

5.8.

5.9.

5.10.

5.11.

5.12.

The off gas from a boiling water nuclear power reactor contains a whole
variety of radioactive trash, one of the most troublesome being Xe-133
(half life = 5.2 days). This off gas flows continuously through a large holdup
tank in which its mean residence time is 30 days, and where we can assume
that the contents are well mixed. Find the fraction of activity removed in
the tank.

A mixed flow reactor (2 m®) processes an aqueous feed (100 liter/min)
containing reactant A (C,, = 100 mmol/liter). The reaction is reversible
and represented by

A =R, -—r,=004C,—001Cq E?glnﬁ

What is the equilibrium conversion and the actual conversion in the reactor?

A specific enzyme acts as catalyst in the fermentation of reactant A. At a
given enzyme concentration in the aqueous feed stream (25 liter/min) find
the volume of plug flow reactor needed for 95% conversion of reactant
A (C,p = 2 mol/liter). The kinetics of the fermentation at this enzyme
concentration is given by

enzyme O 1 C A mol
e

A R = 1305C, fiter min

A gaseous feed of pure A (2 mol/liter, 100 mol/min) decomposes to give
a variety of products in a plug flow reactor. The kinetics of the conversion
is represented by

A —2.5 (products), —ry= (10min1)C,
Find the expected conversion in a 22-liter reactor.

Enzyme E catalyses the fermentation of substrate A (the reactant) to
product R. Find the size of mixed flow reactor needed for 95% conversion
of reactant in a feed stream (25 liter/min) of reactant (2 mol/liter) and
enzyme. The kinetics of the fermentation at this enzyme concentration are
given by

enzyme 01C A mol
R ——

A R, AT 105 C, liter-min

An aqueous feed of A and B (400 liter/min, 100 mmol A/liter, 200 mmol
Blliter) is to be converted to product in a mixed flow reactor. The kinetics



5.13.

5.14.

5.15.

5.16.

5.17.

Problems 115

of the reaction are represented by

A+B—R,  —r,=200C,Cy ﬁ

Find the volume of reactor needed for 99.9% conversion of A to product.
At 650°C phosphine vapor decomposes as follows:
4PH3 _>P4(g) + 6H2’ —rphos = (10 hr_l)cphos

What size of plug flow reactor operating at 649°C and 11.4 atm is needed
for 75% conversion of 10 mol/hr of phosphine in a 2/3 phosphine-1/3
inert feed?

A stream of pure gaseous reactant A (C,, = 660 mmol/liter) enters a plug
flow reactor at a flow rate of F,;, = 540 mmol/min and polymerizes there
as follows

mmol

3A—R, —Fpy =54 ——
liter - min

How large a reactor is needed to lower the concentration of A in the exit
stream to C,y = 330 mmol/liter?

A gaseous feed of pure A (1 mol/liter) enters a mixed flow reactor (2 liters)
and reacts as follows:

— — — 2 m—OI
2A—>R, 7, =005Ch o —

Find what feed rate (liter/min) will give an outlet concentration C, = 0.5
mol/liter.

Gaseous reactant A decomposes as follows:
A —3R, —r, = (0.6 min™1)C,

Find the conversion of A in a 50% A-50% inert feed (v, = 180 liter/min,
C,o = 300 mmol/liter) to a 1 m® mixed flow reactor.

1 liter/s of a 20% ozone—80% air mixture at 1.5 atm and 93°C passes
through a plug flow reactor. Under these conditions ozone decomposes by
homogeneous reaction

liter
mol-s

20,—>30,, —Fyone = kC%e, k=005

What size reactor is needed for 50% decomposition of ozone? This problem
is a modification of a problem given by Corcoran and Lacey (1970).
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5.18.

5.19.

5.20.

5.21.

5.22.

An aqueous feed containing A (1 mol/liter) enters a 2-liter plug flow reactor
and reacts away (2A —R, —r, = 0.05 C§ mol/liter -s). Find the outlet con-
centration of A for a feed rate of 0.5 liter/min.

Pure gaseous A at about 3 atm and 30°C (120 mmol/liter) is fed into a 1-
liter mixed flow reactor at various flow rates. There it decomposes, and
the exit concentration of A is measured for each flow rate. From the
following data find a rate equation to represent the kinetics of the decompo-
sition of A. Assume that reactant A alone affects the rate.

vy, liter/min 0.06 048 15 81 A—3R

C,, mmol/liter 30 60 80 105
A mixed flow reactor is being used to determine the kinetics of a reaction
whose stoichiometry is A —R. For this purpose various flow rates of an
aqueous solution of 100 mmol A/liter are fed to a 1-liter reactor, and for
each run the outlet concentration of A is measured. Find a rate equation
to represent the following data. Also assume that reactant alone affects
the rate.

v, liter/min 1 6 24
C,, mmol/liter 4 20 50

We are planning to operate a batch reactor to convert A into R. This is a
liquid reaction, the stoichiometry is A—R, and the rate of reaction is
given in Table P5.21. How long must we react each batch for the concentra-
tion to drop from C,, = 1.3 mol/liter to C,; = 0.3 mol/liter?

Table P5.21

C,, mol/liter —r,, mol/liter - min
0.1 0.1
0.2 0.3
0.3 0.5
0.4 0.6
0.5 0.5
0.6 0.25
0.7 0.10
0.8 0.06
1.0 0.05
1.3 0.045
2.0 0.042

For the reaction of Problem 5.21, what size of plug flow reactor would be
needed for 80% conversion of a feed stream of 1000 mol A/hr at C,, =
1.5 mol/liter?
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5.24.

5.25.

5.26.

5.27.
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(a) For the reaction of Problem 5.21, what size of mixed flow reactor is
needed for 75% conversion of a feed stream of 1000 mol A/hr at Cj,
= 1.2 mol/liter?

(b) Repeat part (a) with the modification that the feed rate is doubled,
thus 2000 mol A/hr at C,y = 1.2 mol/liter are to be treated.

(¢) Repeat part (a) with the modification that C,, = 2.4 mol/liter; however,
1000 mol A/hr are still to be treated down to C,y = 0.3 mol/liter.

A high molecular weight hydrocarbon gas A is fed continuously to a heated
high temperature mixed flow reactor where it thermally cracks (homoge-
neous gas reaction) into lower molecular weight materials, collectively
called R, by a stoichiometry approximated by A —5R. By changing the
feed rate different extents of cracking are obtained as follows:

F g, millimol/hr 300 1000 3000 5000
Ca our» millimol/liter 16 30 50 60

The internal void volume of the reactor is V = 0.1 liter, and at the tempera-
ture of the reactor the feed concentration is C,, = 100 millimol/liter. Find
a rate equation to represent the cracking reaction.

The aqueous decomposition of A is studied in an experimental mixed flow
reactor. The results in Table P5.25 are obtained in steady-state runs. To
obtain 75% conversion of reactant in a feed, C,, = 0.8 mol/liter, what
holding time is needed in a plug flow reactor?

Table P5.25

Concentration of A, mol/liter Holding Time,

In Feed In Exit Stream sec
2.00 0.65 300
2.00 0.92 240
2.00 1.00 250
1.00 0.56 110
1.00 0.37 360
0.48 0.42 24
0.48 0.28 200
0.48 0.20 560

Repeat the previous problem but for a mixed flow reactor.

HOLMES: You say he was last seen tending this vat . . . .

SIR BOSS: You mean ‘“overflow stirred tank reactor,” Mr. Holmes.

HOLMES: You must excuse my ignorance of your particular technical
jargon, Sir Boss.

SIR BOSS: That’s all right; however, you must find him, Mr. Holmes.
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5.28.

Imbibit was a queer chap; always staring into the reactor, taking deep
breaths, and licking his lips, but he was our very best operator. Why,
since he left, our conversion of googliox has dropped from 80% to 75%.

HOLMES (tapping the side of the vat idly): By the way, what goes on in
the vat?

SIR BOSS: Just an elementary second-order reaction, between ethanol
and googliox, if you know what I mean. Of course, we maintain a large
excess of alcohol, about 100to 1 and . ...

HOLMES (interrupting): Intriguing, we checked every possible lead in
town and found not a single clue.

SIR BOSS (wiping away the tears): We’ll give the old chap a raise—about
twopence per week—if only he’ll come back.

DR. WATSON: Pardon me, but may I ask a question?

HOLMES: Why certainly, Watson.

WATSON: What is the capacity of this vat, Sir Boss?

SIR BOSS: A hundred Imperial gallons, and we always keep it filled to
the brim. That is why we call it an overflow reactor. You see we are
running at full capacity—profitable operation you know.

HOLMES: Well, my dear Watson, we must admit that we’re stumped, for
without clues deductive powers are of no avail.

WATSON: Ahh, but there is where you are wrong, Holmes. (Then, turning
to the manager): Imbibit was a largish fellow—say about 18 stone—was
he not?

SIR BOSS: Why yes, how did you know?

HOLMES (with awe): Amazing, my dear Watson!

WATSON (modestly): Why it’s quite elementary, Holmes. We have all the
clues necessary to deduce what happened to the happy fellow. But first
of all, would someone fetch me some dill?

With Sherlock Holmes and Sir Boss impatiently waiting, Dr. Watson
casually leaned against the vat, slowly and carefully filled his pipe, and—
with the keen sense of the dramatic—Ilit it. There our story ends.

(a) What momentous revelation was Dr. Watson planning to make, and
how did he arrive at this conclusion?
(b) Why did he never make it?

The data in Table P5.28 have been obtained on the decomposition of
gaseous reactant A in a constant volume batch reactor at 100°C. The

Table P5.28

t, sec Pa,atm t, sec Pa, atm
0 1.00 140 0.25
20 0.80 200 0.14
40 0.68 260 0.08
60 0.56 330 0.04
80 0.45 420 0.02

100 0.37
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stoichiometry of the reaction is 2A —R + S. What size plug flow reactor
(in liters) operating at 100°C and 1 atm can treat 100 mol A/hr in a feed
consisting of 20% inerts to obtain 95% converson of A?
5.29. Repeat the previous problem for a mixed flow reactor.
5.30. The aqueous decomposition of A produces R as follows:
A =R

The following results are obtained in a series of steady state runs, all having
no R in the feed stream.

Space Time, 7, Cyo, In Feed, Cys» In Exit Stream,
sec mol/liter mol/liter
50 2.0 1.00
16 1.2 0.80
60 2.0 0.65
22 1.0 0.56
4.8 0.48 0.42
72 1.00 0.37
40 0.48 0.28
112 0.48 0.20

From this kinetic information, find the size of reactor needed to achieve
75% conversion of a feed stream of v = 1 liter/sec and C,, = 0.8 mol/liter.
In the reactor the fluid follows

(a) plug flow

(b) mixed flow
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Design for Single Reactions

There are many ways of processing a fluid: in a single batch or flow reactor, in
a chain of reactors possibly with interstage feed injection or heating, in a reactor
with recycle of the product stream using various feed ratios and conditions, and
so on. Which scheme should we use? Unfortunately, numerous factors may have
to be considered in answering this question; for example, the reaction type,
planned scale of production, cost of equipment and operations, safety, stability
and flexibility of operation, equipment life expectancy, length of time that the
product is expected to be manufactured, ease of convertibility of the equipment
to modified operating conditions or to new and different processes. With the
wide choice of systems available and with the many factors to be considered, no
neat formula can be expected to give the optimum setup. Experience, engineering
judgment, and a sound knowledge of the characteristics of the various reactor
systems are all needed in selecting a reasonably good design and, needless to
say, the choice in the last analysis will be dictated by the economics of the
overall process.

The reactor system selected will influence the economics of the process by
dictating the size of the units needed and by fixing the ratio of products formed.
The first factor, reactor size, may well vary a hundredfold among competing
designs while the second factor, product distribution, is usually of prime consider-
ation where it can be varied and controlled.

In this chapter we deal with single reactions. These are reactions whose progress
can be described and followed adequately by using one and only one rate expres-
sion coupled with the necessary stoichiometric and equilibrium expressions. For
such reactions product distribution is fixed; hence, the important factor in com-
paring designs is the reactor size. We consider in turn the size comparison of
various single and multiple ideal reactor systems. Then we introduce the recycle
reactor and develop its performance equations. Finally, we treat a rather unique
type of reaction, the autocatalytic reaction, and show how to apply our findings
to it.

Design for multiple reactions, for which the primary consideration is product
distribution, is treated in the next two chapters.
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6.1 SIZE COMPARISON OF SINGLE REACTORS
Batch Reactor

First of all, before we compare flow reactors, let us mention the batch reactor
briefly. The batch reactor has the advantage of small instrumentation cost and
flexibility of operation (may be shut down easily and quickly). It has the disadvan-
tage of high labor and handling cost, often considerable shutdown time to empty,
clean out, and refill, and poorer quality control of the product. Hence we may
generalize to state that the batch reactor is well suited to produce small amounts
of material and to produce many different products from one piece of equipment.
On the other hand, for the chemical treatment of materials in large amounts the
continuous process is nearly always found to be more economical.

Regarding reactor sizes, a comparison of Egs. 5.4 and 5.19 for a given duty
and for ¢ = 0 shows that an element of fluid reacts for the same length of time
in the batch and in the plug flow reactor. Thus, the same volume of these reactors
is needed to do a given job. Of course, on a long-term production basis we must
correct the size requirement estimate to account for the shutdown time between
batches. Still, 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

For a given duty 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 Egs. 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

where n varies anywhere from zero to three. For mixed flow Eq. 5.11 gives

m

(CAOV) _ CaoXa 1 X,(1+e,X,)"

Fao —ry  kCGL (1-X,)"

whereas for plug flow Eq. 5.17 gives

v dX 1+ e, Xp)"dX,
. (CAO > =CAOJXA a__1 fXA( eaXp)"d X,
P

FAO 0 _rA a kCnA61 0 (1 - XA)n

Dividing we find that

(7, s
(TC%Dm _ \ Fao /m _ A\N1-X, m a

(TCnA?)l)p < '}“)V) |:fo 1 + SAXA>n dXA
Fro /» 0 1-X, p
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With constant density, or ¢ = 0, this expression integrates to

=
TCl) 1= X)"|m
ifc;%%:[aimﬁi_l]’
n—1 p
or )
(%)
(TCE)m _ \1 = Xu/m n=1

(rCih), —In(1 - X,),’

Equations 1 and 2 are displayed in graphical form in Fig. 6.1 to provide a
quick comparison of the performance of plug flow with mixed flow reactors. For
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Figure 6.1 Comparison of performance of single mixed flow and plug flow reactors
for the nth-order reactions

A —products, —r, = kC%}

The ordinate becomes the volume ratio V,,/V, or space-time ratio 7,/7, if the
same quantities of identical feed are used.
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identical feed composition C,, and flow rate F,, the ordinate of this figure gives
directly the volume ratio required for any specified conversion. Figure 6.1 shows
the following.

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 conver-
sion; consequently, a proper representation of the flow becomes very impor-
tant in this range of conversion.

3. Density variation during reaction affects design; however, it is normally of
secondary importance compared to the difference in flow type.

Figures 6.5 and 6.6 show the same first- and second-order curves for ¢ = 0
but also include dashed lines which represent fixed values of the dimensionless
reaction rate group, defined as

k7 for first-order reaction
kC 1 for second-order reaction

With these lines we can compare different reactor types, reactor sizes, and
conversion levels.
Example 6.1 illustrates the use of these charts.

Variation of Reactant Ratio for Second-Order Reactions
Second-order reactions of two components and of the type
A + B —products, M = Cyy/Cypy

3.13)
_rA = _rB = kCACB

behave as second-order reactions of one component when the reactant ratio is
unity. Thus

—r,=kC,Cy=kC%  whenM =1 3)

On the other hand, when a large excess of reactant B is used then its concentration
does not change appreciably (Cy = Cy,) and the reaction approaches first-order
behavior with respect to the limiting component A, or

—Fp = kCACB = (kCBO)CA = k,CA When M > 1 (4)

Thus in Fig. 6.1, and in terms of the limiting component A, the size ratio of
mixed to plug flow reactors is represented by the region between the first-order
and the second-order curves.
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Any rate curve \

Area = Tm/ CAO

Area = 1,/Cpg

Figure 6.2 Comparison of performance of
mixed flow and plug flow reactors for any reac-
tion kinetics.

General Graphical Comparison

For reactions with arbitrary but known rate the performance capabilities of
mixed and plug flow reactors are best illustrated in Fig. 6.2. The ratio of shaded
and of hatched areas gives the ratio of space-times needed in these two reactors.

The rate curve drawn in Fig. 6.2 is typical of the large class of reactions whose
rate decreases continually on approach to equilibrium (this includes all nth-order
reactions, n > 0). For such reactions it can be seen that mixed flow always needs
a larger volume than does plug flow for any given duty.

6.2 MULTIPLE-REACTOR SYSTEMS
Plug Flow Reactors in Series and/or in Parallel

Consider N plug flow reactors connected in series, and let X;, X,,. . . , Xy be
the fractional conversion of component A leaving reactor 1, 2,. . . , N. Basing
the material balance on the feed rate of A to the first reactor, we find for the
ith reactor from Eq. 5.18

Vi_ [ X
FO ‘Xi—l —-r
or for the N reactors in series
Z—iZ—VI+V2+..‘+VN
Fy SF Fy

fh [y

X=0 —r X —r Xy-1

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.
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For the optimum hook up of plug flow reactors connected in parallel or in
any parallel-series combination, we can treat the whole system as a single plug
flow reactor of volume equal to the total volume of the individual units if the
feed is distributed in such a manner that fluid streams that meet have the same
composition. Thus, for reactors in parallel V/F or = must be the same for each
parallel line. Any other way of feeding is less efficient.

OPERATING A NUMBER OF PLUG FLOW REACTORS

The reactor setup shown in Fig. E6.1 consists of three plug flow reactors in two
parallel branches. Branch D has a reactor of volume 50 liters followed by a
reactor of volume 30 liters. Branch E has a reactor of volume 40 liters. What
fraction of the feed should go to branch D?

Branch D

Branch E
Figure E6.1

SOLUTION

Branch D consists of two reactors in series; hence, it may be considered to be
a single reactor of volume

Vp = 50 + 30 = 80 liters

Now for reactors in parallel V/F must be identical if the conversion is to be the
same in each branch. Therefore,

or

Therefore, two-thirds of the feed must be fed to branch D.
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Figure 6.3 Concentration profile through an N-stage mixed flow reactor system
compared with single flow reactors.

Equal-Size Mixed Flow Reactors in Series

In plug flow, the concentration of reactant decreases progressively through the
system; in mixed flow, the concentration drops immediately to a low value.
Because of this fact, a 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.

Consider a system of N mixed flow reactors connected in series. Though the
concentration is uniform in each reactor, there is, nevertheless, a change in
concentration as fluid moves from reactor to reactor. This stepwise drop in
concentration, illustrated in Fig. 6.3, suggests that the larger the number of units
in series, the closer should the behavior of the system approach plug flow. This
will be shown to be so.

Let us now quantitatively evaluate the behavior of a series of N equal-size
mixed flow reactors. Density changes will be assumed to be negligible; hence
e = 0 and ¢t = 7. As a rule, with mixed flow reactors it is more convenient to
develop the necessary equations in terms of concentrations rather than fractional
conversions; therefore, we use this approach. The nomenclature used is shown
in Fig. 6.4 with subscript i referring to the ith vessel.

Ci_1 X1 Cy-1,Xy-1

Figure 6.4 Notation for a system of N equal-size mixed reactors in series.
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First-Order Reactions. From Eq. 5.12 a material balance for component A
about vessel i gives

: FO v -r Ai
Because ¢ = 0 this may be written in terms of concentrations. Hence

r= Co[(1 B Ci/CO) — (1 - Ci—l/CO)] Cii — Ci

! kC; kC;

or

C.
?1 = 1+kr, 6]

Now the space-time 7 (or mean residence time f) is the same in all the equal-
size reactors of volume V. Therefore,

G 1 GG Gy
= = .. P A + AN
o T-x, GG Cy - ATk (6a)

Rearranging, we find for the system as a whole

C 1/N
TN reactors N'Tz = % |:<C_1(\)1> - 1] (6b)

In the limit, for N — oo, this equation reduces to the plug flow equation
1, C
7,=7ng @)

With Egs. 6b and 7 we can compare performance of N reactors in series with a
plug flow reactor or with a single mixed flow reactor. This comparison is shown
in Fig. 6.5 for first-order reactions in which density variations are negligible.

Second-Order Reactions. We may evaluate 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. Thus, for
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Figure 6.5 Comparison of performance of a series of N equal-size mixed flow
reactors with a plug flow reactor for the first-order reaction

A—R, e=0

For the same processing rate of identical feed the ordinate measures the volume
ratio V/V, directly.

N reactors in series we find

1 : IN
Cy=-+— —2+2\/ 8a
N dkr, 142V -1+2V1 +4Cokr, 8a)
whereas for plug flow
C
E°= 1+ Cokr, (8b)

A comparison of the performance of these reactors is shown in Fig. 6.6.

Figures 6.5 and 6.6 support our intuition by showing that the volume of system
required for a given conversion decreases to plug flow volume as the number of
reactors in series is increased, the greatest change taking place with the addition
of a second vessel to a one-vessel system.
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Figure 6.6 Comparison of performance of a series of N equal-size mixed flow
reactors with a plug flow reactor for elementary second-order reactions

2A — products
A + B —products, Cao= Cgy

with negligible expansion. For the same processing rate of identical feed the
ordinate measures the volume ratio V/V, or space-time ratio 7y/7, directly.

MIXED FLOW REACTORS IN SERIES

At present 90% of reactant A is converted into product by a second-order reaction
in a single mixed flow reactor. We plan to place a second reactor similar to the
one being used in series with it.

(a) For the same treatment rate as that used at present, how will this addition

affect the conversion of reactant?
(b) For the same 90% conversion, by how much can the treatment rate be in-

creased?
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SOLUTION

The sketch of Fig. E6.2 shows how the performance chart of Fig. 6.6 can be used
to help solve this problem.

100
¢\
\‘} Q
//\'% N
\@go //Cb
S
A NS (9‘?
so Vi 7
Ve ‘ E \&,0(‘
a N
%
s
b
1 |
0.01 0.1 1
CICy

Figure E6.2

(a) Find the conversion for the same treatment rate. For the single reactor at
90% conversion we have from Fig. 6.6

kCyr = 90

For the two reactors the space-time or holding time is doubled; hence, the
operation will be represented by the dashed line of Fig. 6.6 where

kCyr = 180
This line cuts the N = 2 line at a conversion X = 97.4%, point a.

(b) Find the treatment rate for the same conversion. Staying on the 90% conver-
sion line, we find for N = 2 that

kCyr = 275, point b

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



6.2 Multiple-Reactor Systems 131
Since V-, = 2Vy-; the ratio of flow rates becomes

Un=1_ 90

Uyt 275 (2)=66

Thus, the treatment rate can be raised to 6.6 times the original.

Note. If the second reactor had been operated in parallel with the original unit
then the treatment rate could only be doubled. Thus, there is a definite advantage
in operating these two units in series. This advantage becomes more pronounced
at higher conversions. .

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: how to find the outlet conversion from a given reactor
system, and the inverse question, how to find the best setup to achieve a given
conversion. Different procedures are used for these two problems. We treat
them in turn.

Finding the Conversion in a Given System A graphical procedure for finding
the outlet composition from a series of mixed flow reactors of various sizes for
reactions with negligible density change has been presented by Jones (1951). All
that is needed is an r versus C curve for component A to represent the reaction
rate at various concentrations.

Let us illustrate the use of this method by considering three mixed flow reactors
in series with volumes, feed rates, concentrations, space-times (equal to residence
times because ¢ = 0), and volumetric flow rates as shown in Fig. 6.7. Now from
Eq. 5.11, noting that e = 0, we may write for component A in the first reactor

_ 3 _Vl_CO_Cl
Tl_tl___—_——

v (=)
or

1 (=rh
n C -G )

2!
Clv U,F1=F0'C—0

G
Cz, v, F2 = FO C_O

C3
C3, v, F3 = FO a

Figure 6.7 Notation for a series of unequal-size mixed flow reactors.
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Figure 6.8 Graphical procedure for finding compositions in a series
of mixed flow reactors.

Similarly, from Eq. 5.12 for the ith reactor we may write

1_ (=)
7 CG—Cy

10)

Plot the C versus r curve for component A and suppose that it is as shown in
Fig. 6.8. To find the conditions in the first reactor note that the inlet concentration
C, is known (point L), that C; and (—r), correspond to a point on the curve to
be found (point M), and that the slope of the line LM = MN/NL = (-r),/
(C, = Cy)) = —(1/7) from Eq. 6.9. Hence, from C, draw a line of slope —(1/7,)
until it cuts the rate curve; this gives C;. Similarly, we find from Eq. 6.10 that a
line of slope —(1/7,) from point N cuts the curve at P, giving the concentration
C, of material leaving the second reactor. This procedure is then repeated as
many times as needed.

With slight modification this graphical method can be extended to reactions
in which density changes are appreciable.

Determining the Best System for a Given Conversion. Suppose we want to
find the minimum size of two mixed flow reactors in series to achieve a specified
conversion of feed which reacts with arbitrary but known kinetics. The basic
performance expressions, Egs. 5.11 and 5.12, then give, in turn, for the first reactor

G X,
— = 11
G (=)
and for the second reactor
T - X
222 41 12
Co (-7, (12)

These relationships are displayed in Fig. 6.9 for two alternative reactor arrange-
ments, both giving the same final conversion X,. Note, as the intermediate
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Figure 6.9 Graphical representation of the variables for two mixed flow reactors in series.

conversion X; changes, so does the size ratio of the units (represented by the
two shaded areas) as well as the total volume of the two vessels required (the
total area shaded).

Figure 6.9 shows that the total reactor volume is as small as possible (total
shaded area is minimized) when the rectangle KLMN is as large as possible.
This brings us to the problem of choosing X; (or point M on the curve) so as
to maximize the area of this rectangle. Consider this general problem.

Maximization of Rectangles. In Fig. 6.10, construct a rectangle between the
x-y axes and touching the arbitrary curve at point M(x, y). The area of the

rectangle is then

A =xy 13)

Arbitrary

Area
A=xy

. y
Diagonal = z

x K N

Figure 6.10 Graphical procedure for maximizing the area of a rectangle.
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This area is maximized when
dA =0=ydx + xdy

or when

_dy_y
dx «x a4

In words, this condition means that the area is maximized when M is at that
point where the slope of the curve equals the slope of the diagonal NL of the
rectangle. 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.

We will use this method of maximizing a rectangle in later chapters. But let
us return to our problem.

The optimum size ratio of the two reactors is achieved where the slope of the
rate curve at M equals the diagonal NL. The best value of M is shown in Fig.
6.11, and this determines the intermediate conversion X; as well as the size of
units needed.

The optimum size ratio for two mixed flow reactors in series is found in general
to be dependent on the kinetics of the reaction and on the conversion level. For
the special case of first-order reactions equal-size reactors are best; for reaction
orders n > 1 the smaller reactor should come first; for n < 1 the larger should
come first (see Problem 6.3). However, Szepe and Levenspiel (1964) show that
the advantage of the minimum size system over the equal-size system is quite
small, only a few percent at most. Hence, overall economic consideration would
nearly always recommend using equal-size units.

The above procedure can be extended directly to multistage operations; how-
ever, here the argument for equal-size units is stronger still than for the two-
stage system.

Diagonal of

rectangle
L

X

Slope of
curve at
M

0 X, X,
X

Figure 6.11 Maximization of rectan-
gles applied to find the optimum in-
termediate conversion and optimum
sizes of two mixed flow reactors in
series.
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Figure 6.12 Graphical design procedure for reactors in series.

Reactors of Different Types in Series

If reactors of different types are put in series, such as a mixed flow reactor
followed by a plug flow reactor which in turn is followed by another mixed flow
reactor, we may write for the three reactors

i _X-X% Ezj"zdif Vi _&-X
x, —r’ F, (=7);

These relationships are represented in graphical form in Fig. 6.12. This allows us
to predict the overall conversions for such systems, or conversions at intermediate
points between the individual reactors. These intermediate conversions may be
needed to determine the duty of interstage heat exchangers.

Best Arrangement of a Set of Ideal Reactors. For the most effective use of a
given set of ideal reactors we have the following general rules:

1.

For a reaction whose rate-concentration curve rises monotonically (any
nth-order reaction, n > 0) the reactors should be connected in series. They
should be ordered so as to keep the concentration of reactant as high as
possible if the rate-concentration curve is concave (n > 1), and as low as
possible if the curve is convex (n < 1). As an example, for the case of Fig.
6.12 the ordering of units should be plug, small mixed, large mixed, for
n > 1; the reverse order should be used when n < 1.

For reactions where the rate-concentration curve passes through a maximum
or minimum the arrangement of units depends on the actual shape of curve,
the conversion level desired, and the units available. No simple rules can
be suggested.

Whatever may be the kinetics and the reactor system, an examination of
the 1/(—r,) vs. C, curve is a good way to find the best arrangement of
units.

The problems at the end of this chapter illustrate these findings.
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6.3 RECYCLE REACTOR

In certain situations it is found to be 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 be defined as

R= volume of fluid returned to the reactor entrance @5
volume leaving the system

This recycle ratio can be made to vary from zero to infinity. Reflection suggests
that as the recycle ratio is raised the behavior shifts from plug flow (R = 0) to
mixed flow (R = «). Thus, recycling provides a means for obtaining various
degrees of backmixing with a plug flow reactor. Let us develop the performance
equation for the recycle reactor.

Consider a recycle reactor with nomenclature as shown in Fig. 6.13. Across
the reactor itself Eq. 5.18 for plug flow gives

V XAZ—XAf aX,
oL as)
where F), would be the feed rate of A if the stream entering the reactor (fresh
feed plus recycle) were unconverted. Since F,; and X, are not known directly,
they must be written in terms of known quantities before Eq. 16 can be used.
Let us now do this.

The flow entering the reactor includes both fresh feed and the recycle stream.
Measuring the flow split at point L (point K will not do if € # 0) we then have

A0 T

. < A which would enter in an ) (A entering in>

unconverted recycle stream fresh feed an
=RFy+ Fag= (R+1)Fy
Now to the evaluation of X,;: from Eq. 4.5 we may write
1—-Cu/C
Xa1 = T as)

1+ e,Cp/Cao

Because the pressure is taken to be constant, the streams meeting at point K
may be added directly. This gives

(Fpg)
Fa1 Plug flow
X
Fpo X U;\l o (R + l)vf vf
Yo T Xpp=Xp2
Xp0=0 lef
U3z = va

Fa3

Figure 6.13 Nomenclature for the recycle reactor.
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Ca =

&_FA0+FA3__FAO+RFAO(1 XA[) C < 1+R—RXA£
A0

v, h vy + Roy B vy + Ruy(1 + aAXAf) > 19

1 +R +R8AXAf

Combining Egs. 18 and 19 gives X, in terms of measured quantities, or

R
Xp1= (R T 1) Xag (20)

Finally, on replacing Egs. 17 and 20 in Eq. 16 we obtain the useful form for
the performance equation for recycle reactors, good for any kinetics, any & value
and for X,, = 0.

dx,

(R+1)f —= ...anyeg,y (21)
FAO R+1 XA, “a

For the special case where density changes are negligible we may write this
equation in terms of concentrations, or

"Z_ITAO—: —(R+1)fCA0+RCAf .. .ex=0 (22)

These expressions are represented graphically in Fig. 6.14.

General representation Special case
for any ¢ only fore =0

Area =7, Eq. 22

Integral —_|

Car Cho
R+1
<————R——>| 1 1 L—R——>
je—— R+ 1 I R+1

Figure 6.14 Representation of the performance equation for recy-
cle reactors.
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For the extremes of negligible and infinite recycle the system approaches plug
flow and mixed flow, or

o dX
Y _(R+1) .
Fao | 2ox, A
|
R |l= 0 R I oo

L JXA/' dXA Vv _ XAf
Fao JA -1y Fpo ~Taf
T plugtiow “mixed flow

The approach to these extremes is shown in Fig. 6.15.
Integration of the recycle equation gives, for first-order reaction, e, = 0,

kT _ CAO + RCM]
R+1 _ln[(R+1)cAf 23)

and for second-order reaction, 2A — products, —r, = kC%, g5 = 0,

kCaor _ Cao(Cao — CAf)
R+1 CAf(CAO + RCAf)

(24)

The expressions for €, # 0 and for other reaction orders can be evaluated, but
are more cumbersome.

Small recycle Large recycle

Xar

0
RL——l—»

F R+1 R+1 1

Figure 6.15 The recycle extremes approach plug flow (R —0) and
mixed flow (R — ).
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30

Fi;st-orc]er
N R =, mixed flow reaction

10 :-_,:./1; g \

O
=

Iy

Figure 6.16 Comparison of performance of recycle and plug flow for first-order re-
actions

Figures 6.16 and 6.17 show the transition from plug to mixed flow as R increases,
and a match of these curves with those for N tanks in series (Figs. 6.5 and 6.6)
gives the following rough comparison for equal performance:

No R for first-order R for second-order
of' reaction reaction
tanks at X, = 0.5 0.90 0.99 at X, = 0.5 090 099
1 00 00 0 o o 0
2 1.0 2.2 5.4 1.0 2.8 7.5
3 0.5 1.1 2.1 0.5 14 2.9
4 033 0.68 1.3 0.33 0.90 1.7
10 011 022 0.36 0.11 0.29 0.5
o0 0 0 0 0 0 0

The recycle reactor is a convenient way for approaching mixed flow with what
is essentially a plug flow device. Its particular usefulness is with solid catalyzed
reactions with their fixed bed contactors. We meet this and other applications
of recycle reactors in later chapters.
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100 —
\\ Second-order
\\ R = c,_mixed flow reaction

(1/0
> \( N AN
No
7SN
\7.‘
R=O.5/ d /] / /TN

/
7/ 7/ 7 -KN/ hi

R= 0, plu/g flow / / // T
L

1
0.01 0.1 1.0

CICy

Figure 6.17 Comparison of performance of recycle reactors with plug flow
reactors for elementary second-order reactions (Personal communication,
from T. J. Fitzgerald and P. Fillesi):

2A — products, e=0
A + B —products, Cpo= Cgywithe =0

6.4 AUTOCATALYTIC REACTIONS

When a material reacts away by any nth order rate (n > 0) in a batch reactor,
its rate of disappearance is rapid at the start when the concentration of reactant
is high. This rate then slows progressively as reactant is consumed. In an autocata-
lytic reaction, however, the rate at the start is low because little product is present;
it increases to a maximum as product is formed and then drops again to a low
value as reactant is consumed. Figure 6.18 shows a typical situation.

Reactions with such rate-concentration curves lead to interesting optimization
problems. In addition, they provide a good illustration of the general design
method presented in this chapter. For these reasons let us examine these reactions
in some detail. In our approach we deal exclusively with their 1/(—r,) versus
X curves with their characteristic minima, as shown in Fig. 6.18.
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\
Some R
in feed
NoR | Point of
—ra in feed | 1 maximum
{ —TA rate
Progress |
of reaction |
: \_/
| Progress
| of reaction
Ca Xa g

Figure 6.18 Typical rate-concentration curve for autocatalytic reactions,
for example:

A+R—>R+R, —r,=kC5Chq

Plug Flow Versus Mixed Flow Reactor, No Recycle. For any particular rate-
concentration curve a comparison of areas in Fig. 6.19 will show which reactor
is superior (which requires a smaller volume) for a given job. We thus find

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.

These findings differ from ordinary nth-order reactions (n > 0) where the plug
flow reactor is always more efficient than the mixed flow reactor. In addition,
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.

7| Plug flow
Mixed flow

1 Plug flow is better !
II \ g /

Mixed and plug flow II
Mixed flow is better equally good

i
0 Xpr

Xp

Figure 6.19 For autocatalytic reactions mixed flow is more efficient at low conversions, plug
flow is more efficient at high conversions.
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Optimum Recycle Operations. When material is to be processed to some fixed
final conversion X, in a recycle reactor, reflection suggests that there must be
a particular recycle ratio which is optimum in that it minimizes the reactor volume
or space-time. Let us determine this value of R.

The optimum recycle ratio is found by differentiating Eq. 21 with respect to
R and setting to zero, thus

d(T/CAO) — T - fXAf R + ].

0 for RXy ——(_rA)

take —
dR Curo X

dX, 25)

This operation requires differentiating under an integral sign. From the theorems
of calculus, if

F(R) = f "®) £(x, R) dx (26)

then

dr _ i (s B) da
R~ um dx + f(6.R) 5~ F@.R) G @7

For our case, Eq. 25, we then find

d(T/CAO)=O=IXAf dX, 40— R+1| dXy
dR Xp (—ra) ( ra) |x,, dR

where

dXAi_ XAi
dR (R + 1)

Combining and rearranging then gives for the optimum

J'XAfiiﬁ

1 Xai —TA

—_ - (28)
“Talxy, (Xar— Xai)

In words, the optimum recycle ratio introduces to the reactor a feed whose
1/(—r,) value (KL in Fig. 6.20) equals the average 1/(—r,) value in the reactor
as a whole (PQ in Fig. 6.20). Figure 6.20 compares this optimum with conditions
where the recycle is either too high or too low.
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Recycle too high Recycle just right Recycle too low
I
I
|

Average
rate

\ Average Average

Incoming rate

feed to
reactor

Xpi Xap Q Xpo Xai Xpr Q Xpo Xai Xpr Q

Figure 6.20 Correct recycle ratio for an autocatalytic reaction compared with recycle ratios which
are too high and too low.

Occurrence of Autocatalytic Reactions. The most important examples of auto-
catalytic reactions are the broad class of fermentation reactions which result
from the reaction of microorganism on an organic feed. When they can be treated
as single reactions, the methods of this chapter can be applied directly. Another
type of reaction which has autocatalytic behavior is the exothermic reaction (say,
the combustion of fuel gas) proceeding in an adiabatic manner with cool reactants
entering the system. In such a reaction, called autothermal, heat may be consid-
ered to be the product which sustains the reaction. Thus, with plug flow the
reaction will die. With backmixing the reaction will be self-sustaining because
the heat generated by the reaction can raise fresh reactants to a temperature at
which they will react. Autothermal reactions are of great importance in solid
catalyzed gas-phase systems and are treated later in the book.

Reactor Combinations

For autocatalytic reactions all sorts of reactor arrangements are to be considered
if product recycle or product separation with recycle is allowable. In general,
for a rate-concentration curve as shown in Fig. 6.21 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. This procedure is shown as
the shaded area in Fig. 6.21a.

When separation and reuse of unconverted reactant is possible, operate at
point M (see Fig. 6.21b).

The volume required is now the very minimum, less than any of the previous
ways of operating. However, the overall economics, including the cost of separa-
tion and of recycle, will determine which scheme is the optimum overall.
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Product
CAf

Cpo Separator

Mixed Reactant

recycle

Cay Chopt Cno Chopt Cho
(@) ®

Figure 6.21 (a) The best multiple reactor scheme. (b) The best scheme when uncon-
verted reactant can be separated and recycled.

FINDING THE BEST REACTOR SETUP

In the presence of a specific enzyme E, which acts as a homogeneous catalyst,
a harmful organic A present in industrial waste water degrades into harmless
chemicals. At a given enzyme concentration Cg, tests in a laboratory mixed flow
reactor give the following results:

C,,, mmol/m? 2 5 6 6 11 14 16 24
C,, mmol/m3 05 3 1 2 6 10 8 4
7, Min 30 1 50 8 4 20 20 4

We wish to treat 0.1 m3min of this waste water having C,, = 10 mmol/m? to
90% conversion with this enzyme at concentration Cg.

(a) One possibility is to use a long tubular reactor (assume plug flow) with
possible recycle of exit fluid. What design do you recommend? Give the
size of the reactor, tell if it should be used with recycle, and if so determine

. the recycle flow rate in cubic meters per minute (m*min). Sketch your
recommended design.

(b) Another possibility is to use one or two stirred tanks (assume ideal). What
two-tank design do you recommend, and how much better is it than the
one-tank arrangement?

(¢) What arrangement of plug flow and mixed flow reactors would you use to
minimize the total volume of reactors needed? Sketch your recommended
design and show the size of units selected. We should mention that separa-
tion and recycle of part of the product stream is not allowed.
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SOLUTION

First calculate and tabulate 1/—r, at the measured C,. This is shown as the last
line of Table E6.3. Next, draw the 1/—r, vs. C curve. This is seen to be U-
shaped (see Figs. E6.3a, b, ¢) so we must prepare to deal with an autocatalytic
type reacting system.

Table E6.3

C,y, mmol/m? 2 5 6
C,, mmol/m3 05 3 1
7, min 30 1 50
1 T m? - min
T mmal | 20510

11 14 16 24
10 8 4
4 20 20 4

0.8 5 25 0.2

[ \S e B \S o)}
@)

Part (a) Solution. From the —1/r, vs. C, curve we see that we should use plug
flow with recycle. From Fig. E6.3a we find
Cyy = 6.6 mmol/m?

_10-66
661

V = 1, = area (vy) = [(10 — 1)(1.2)](0.1) = 1.08 m?
vg = VR = 0.1(0.607) = 0.0607 m¥/min

R = 0.607

10— ¢
gl Cpo= 10
;=
SERE
"’E €
H|L° 4
! Equal Total area =
areas 7=1.2(10-1)
9 =10.80
1.2
0 m mol
1 2 4 666 8 10 A m3

Figure E6.3a Plug flow with recycle.
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Part (b) Solution. Drawing slopes and diagonals according to the method of
maximization of rectangles we end up with Fig. E6.3b.

Vs .
Area =1, = 2 = (2.6 - 1)10 = 16 min

10—

A <~ 7 ypr=(10-1)10 = 90 min

Area; =1 = (10 - 2.6)0.8 = 5.92 min

Figure E6.3b One and two mixed flow reactors in series.

For1ltank V= 7v=90(0.1) = 9.0 m®

V, = 1 = 5.92(0.1) = 0.59
For 2 tanks Vieta = 2.19 m?
V,= 1 =16(0.1) = 1.6 m? =

Part (c) Solution. Following the reasoning in this chapter we should use a mixed
flow reactor followed by a plug flow reactor. So with Fig. E6.3c we find

10—
8 —
£- sk
HE
2lE . .
A By graphical integration
- 4 7, = 5.8 min
oL 7, =(0.2)(10-4)=1.2 A
0
0

Figure E6.3¢c Arrangement with smallest volume.
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Forthe MFR V,, =v7, = 0.1(1.2) = 0.12 m?
Viota = 0.7 m3
Forthe PFR  V, =v7, = 0.1(5.8) = 0.58 m’ =

Note which scheme (a) or (b) or (c) gives the smallest size of reactors.
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PROBLEMS

6.1.

6.2.

6.3.

6.4.

6.5.

A liquid reactant stream (1 mol/liter) passes through two mixed flow reac-
tors in a series. The concentration of A in the exit of the first reactor is
0.5 mol/liter. Find the concentration in the exit stream of the second reactor.
The reaction is second-order with respect to A and V,/V; = 2.

Water containing a short-lived radioactive species flows continuously
through a well-mixed holdup tank. This gives time for the radioactive
material to decay into harmless waste. As it now operates, the activity of
the exit stream is 1/7 of the feed stream. This is not bad, but we’d like to
lower it still more.

One of our office secretaries suggests that we insert a baffle down the
middle of the tank so that the holdup tank acts as two well-mixed tanks
in series. Do you think this would help? If not, tell why; if so, calculate
the expected activity of the exit stream compared to the entering stream.

An aqueous reactant stream (4 mol A/liter) passes through a mixed flow
reactor followed by a plug flow reactor. Find the concentration at the exit
of the plug flow reactor if in the mixed flow reactor C, = 1 mol/liter. The
reaction is second-order with respect to A, and the volume of the plug
flow unit is three times that of the mixed flow unit.

Reactant A (A — R, C,, = 26 mol/m®) passes in steady flow through four
equal-size mixed flow reactors in series (7, = 2 min). When steady state
is achieved the concentration of A is found to be 11, 5, 2, 1 mol/m? in the
four units. For this reaction, what must be 7,,, so as to reduce C, from
Cap = 26 to C,; = 1 mol/m3?

Originally we had planned to lower the activity of a gas stream containing
radioactive Xe-138 (half-life = 14 min) by having it pass through two
holdup tanks in series, both well mixed and of such size that the mean
residence time of gas is 2 weeks in each tank. It has been suggested that
we replace the two tanks with a long tube (assume plug flow). What must
be the size of this tube compared to the two original stirred tanks, and
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6.6.

6.7.

6.8.

6.9.

6.10.

what should be the mean residence time of gas in this tube for the same
extent of radioactive decay?

At 100°C pure gaseous A reacts away with stoichiometry 2A — R + Sin
a constant volume batch reactor as follows:

t,sec 0 20 40 60 80 100 120 140 160
Da,atm 1.00 096 0.80 056 032 0.18 0.08 0.04 0.02

What size of plug flow reactor operating at 100°C and 1 atm can treat 100
moles A/hr in a feed consisting of 20% inerts to obtain 95% conversion of A?

We wish to treat 10 liters/min of liquid feed containing 1 mol A/liter to
99% conversion. The stoichiometry and kinetics of the reaction are given
by

Cy mol

AR, AT 02+ C, liter - min

Suggest a good arrangement for doing this using two mixed flow reactors,
and find the size of the two units needed. Sketch the final design chosen.

From steady-state kinetics runs in a mixed flow reactor, we obtain the
following data on the reaction A — R.

T, SeC Cyo, mmol/liter C,, mmol/liter
60 50 20
35 100 40
11 100 60
20 200 80
11 200 100

Find the space time needed to treat a feed of C,, = 100 mmol/liter to
80% conversion

(a) in a plug flow reactor.

(b) in a mixed flow reactor.

At present we have 90% conversion of a liquid feed (n = 1, C,y = 10 mol/
liter) to our plug flow reactor with recycle of product (R = 2). If we shut
off the recycle stream, by how much will this lower the processing rate of
our feed to the same 90% conversion?

Aqueous feed containing reactant A (C,, = 2 mol/liter) enters a plug flow
reactor (10 liter) which has a provision for recycling a portion of the flowing
stream. The reaction kinetics and stoichiometry are

mol

A—R, ~ra = 1CACr liter - min



6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.
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and we wish to get 96% conversion. Should we use the recycle stream? If
so, at what value should we set the recycle flow rate so as to obtain the
highest production rate, and what volumetric feed rate can we process to
this conversion in the reactor?

Consider the autocatalytic reaction A — R, with —r, = 0.001 C, Cy mol/
liter-s. We wish to process 1.5 liters/s of a C,; = 10 mol/liter feed to the
highest conversion possible in the reactor system consisting of four 100-
liter mixed flow reactors connected as you wish and any feed arrangement.
Sketch your recommended design and feed arrangement and determine
Cyy from this system.

A first-order liquid-phase reaction, 92% conversion, is taking place in a
mixed flow reactor. It has been suggested that a fraction of the product
stream, with no additional treatment, be recycled. If the feed rate remains
unchanged, in what way would this affect conversion?

100 liters/hr of radioactive fluid having a half-life of 20 hr is to be treated
by passing it through two ideal stirred tanks in series, V = 40 000 liters
each. In passing through this system, how much will the activity decay?

At present the elementary liquid-phase reaction A + B — R + S takes
place in a plug flow reactor using equimolar quantities of A and B. Conver-
sion is 96%, C,y = Cyy = 1 mol/liter. If a mixed flow reactor ten times as
large as the plug flow reactor were hooked up in series with the existing
unit, which unit should come first and by what fraction could production
be increased for that setup?

The kinetics of the aqueous-phase decomposition of A is investigated in
two mixed flow reactors in series, the second having twice the volume of
the first reactor. At steady state with a feed concentration of 1 mol A/liter
and mean residence time of 96 sec in the first reactor, the concentration
in the first reactor is 0.5 mol A/liter and in the second is 0.25 mol Al/liter.
Find the kinetic equation for the decomposition.

Using a color indicator which shows when the concentration of A falls
below 0.1 mol/liter, the following scheme is devised to explore the kinetics
of the decomposition of A. A feed of 0.6 mol A/liter is introduced into
the first of the two mixed flow reactors in series, each having a volume of
400 cm?. The color change occurs in the first reactor for a steady-state feed
rate of 10 cm3/min, and in the second reactor for a steady-state feed rate
of 50 cm*min. Find the rate equation for the decomposition of A from
this information.

The elementary irreversible aqueous-phase reaction A + B >R + S is
carried out isothermally as follows. Equal volumetric flow rates of two
liquid streams are introduced into a 4-liter mixing tank. One stream contains
0.020 mol Alliter, the other 1.400 mol B/liter. The mixed stream is then
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6.18.

6.19.

6.20.

passed through a 16-liter plug flow reactor. We find that some R is formed
in the mixing tank, its concentration being 0.002 mol/liter. Assuming that
the mixing tank acts as a mixed flow reactor, find the concentration of R
at the exit of the plug flow reactor as well as the fraction of initial A that
has been converted in the system.

At present conversion is 2/3 for our elementary second-order liquid reaction
2A — 2R when operating in an isothermal plug flow reactor with a recycle
ratio of unity. What will be the conversion if the recycle stream is shut off?

We wish to explore various reactor setups for the transformation of A into
R. The feed contains 99% A, 1% R; the desired product is to consist of
10% A, 90% R. The transformation takes place by means of the elementary
reaction

A+R—-R+R

with rate constant k = 1 liter/mol - min. The concentration of active materi-
als is

Cypo + Crg = Cp + Cg = Cy = 1 mol/liter

throughout.

What reactor holding time will yield a product in which Cz = 0.9 mol/
liter (a) in a plug flow reactor, (b) in a mixed flow reactor, and (c) in a
minimum-size setup without recycle?

Reactant A decomposes with stoichiometry A — R and with rate dependent
only on C, . The following data on this aqueous decomposition are obtained
in a mixed flow reactor:

T, Sec Cuo (R
14 200 100
25 190 90
29 180 80
30 170 70
29 160 60
27 150 50
24 140 40
19 130 30
15 120 20
12 110 10
20 101 1

Determine which setup, plug flow, mixed flow, or any two-reactor combina-
tion gives minimum 7 for 90% conversion of a feed consisting of C,, =
100. Also find this 7 minimum. If a two-reactor scheme is found to be
optimum, give C, between stages and 7 for each stage.



Problems 151

6.21. For an irreversible first-order liquid-phase reaction (C,, = 10 mol/liter)
conversion is 90% in a plug flow reactor. If two-thirds of the stream leaving
the reactor is recycled to the reactor entrance, and if the throughput to
the whole reactor-recycle system is kept unchanged, what does this do to
the concentration of reactant leaving the system?

6.22. At room temperature the second-order irreversible liquid-phase reaction
proceeds as follows:

2A —products, —r, = [0.005 liter/(mol)(min)]C%, C,, =1 mol/liter
A batch reactor takes 18 min to fill and empty. What percent conversion

and reaction time should we use so as to maximize the daily output of
product R?
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Introduction to Multiple Reactions
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The preceding chapter on single reactions showed that the performance (size)
of a reactor was influenced by the pattern of flow within the vessel. In this and
the next chapter, we extend the discussion to multiple reactions and show that
for these, both the size requirement and the distribution of reaction products
are affected by the pattern of flow within the vessel. We may recall at this point
that the distinction between a single reaction and multiple reactions is that the
single reaction requires only one rate expression to describe its kinetic behavior
whereas multiple reactions require more than one rate expression.

Since multiple reactions are so varied in type and seem to have so little
in common, we may despair of finding general guiding principles for design.
Fortunately, this is not so because many multiple reactions can be considered
to be combinations of two primary types: parallel reactions and series
reactions.

In this chapter we treat parallel reactions. In the next chapter we treat series
reactions as well as all sorts of series-parallel combinations.

Let us consider the general approach and nomenclature. First of all, we find
it more convenient to deal with concentrations rather than conversions. Second,
in examining product distribution the procedure is to eliminate the time variable
by dividing one rate equation by another. We end up then with equations relating
the rates of change of certain components with respect to other components of
the systems. Such relationships are relatively easy to treat. Thus, we use two
distinct analyses, one for determination of reactor size and the other for the
study of product distribution.

The two requirements, small reactor size and maximization of desired product,
may run counter to each other. In such a situation an economic analysis will
yield the best compromise. In general, however, product distribution controls;
consequently, this chapter concerns primarily optimization with respect to prod-
uct distribution, a factor which plays.no role in single reactions.

Finally, we ignore expansion effects in this chapter; thus, we take ¢ = 0
throughout. This means that we may use the terms mean residence time, reactor
holding time, space time, and reciprocal space velocity interchangeably.




Chapter 7 Design for Parallel Reactions 153

Qualitative Discussion About Product Distribution. Consider the decomposi-
tion of A by either one of two paths:

kl/R (desired product) (1a)
A NG
S (unwanted product) 1b)

with corresponding rate equations

dc

rR ==k CY (2a)
dc.

rg = —dt—s = k,C% (2b)

Dividing Eq. 2a by Eq. 2b gives a measure of the relative rates of formation of
R and S. Thus

R _ Ed_gli = .k_2 L)
rs  dCs  k ci ®

and we wish this ratio to be as large as possible.

Now C, is the only factor in this equation which we can adjust and control
(ky, k,, a;, and a, are all constant for a specific system at a given temperature)
and we can keep C, low throughout the reactor by any of the following means:
by using a mixed flow reactor, maintaining high conversions, increasing inerts
in the feed, or decreasing the pressure in gas-phase systems. On the other hand,
we can keep C, high by using a batch or plug flow reactor, maintaining low
conversions, removing inerts from the feed, or increasing the pressure in gas-
phase systems.

For the reactions of Eq. 1 let us see whether the concentration of A should
be kept high or low.

If a, > a,, or the desired reaction is of higher order than the unwanted reaction,
Eq. 3 shows that a high reactant concentration is desirable since it increases the
R/S ratio. As a result, a batch or plug flow reactor would favor formation of
product R and would require a minimum reactor size.

If a; < a,, or the desired reaction is of lower order than the unwanted reaction,
we need a low reactant concentration to favor formation of R. But this would
also require large mixed flow reactor.

If a; = a,, or the two reactions are of the same order, Eq. 3 becomes

rR_dCr _ ki _
rs = d Cs = k2 = constant

Hence, product distribution is fixed by k,/k; alone and is unaffected by type of
reactor used.
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We also may control product distribution by varying k,/k;. This can be done
in two ways:

1. By changing the temperature level of operation. If the activation energies
of the two reactions are different, k,/k, can be made to vary. Chapter 9
considers this problem.

2. By using a catalyst. One of the most important features of a catalyst is its
selectivity in depressing or accelerating specific reactions. This may be a
much more effective way of controlling product distribution than any of
the methods discussed so far.

We summarize our qualitative findings as follows:

For reactions in parallel, the concentration level of reactants is
the key to proper control of product distribution. A high
reactant concentration favors the reaction of higher order, a
low concentration favors the reaction of lower order, while the
concentration level has no effect on the product distribution for
reactions of the same order.

C)

When you have two or more reactants, combinations of high and low reactant
concentrations can be obtained by controlling the concentration of feed materials,
by having certain components in excess, and by using the correct contacting
pattern of reacting fluids. Figures 7.1 and 7.2 illustrate methods of contacting
two reacting fluids in continuous and noncontinuous operations that keep the
concentrations of these components both high, both low, or one high and the
other low. In general, the number of reacting fluids involved, the possibility of
recycle, and the cost of possible alternative setups must all be considered before
the most desirable contacting pattern can be achieved.

In any case, the use of the proper contacting pattern is the critical factor in
obtaining a favorable distribution of products for multiple reactions.

Cp, Cg both high Cp, Cg both low Cp high, Cg low

Add A and B Add A and B Start with A,
all at one time slowly; level rises add B slowly

Figure 7.1 Contacting patterns for various combinations of high and low concentration
of reactants in noncontinuous operations.
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Cp, Cg both high Ca, Cg both low Cp high Cg low

Figure 7.2 Contacting patterns for various combinations of high and low concentration
of reactants in continuous flow operations.

CONTACTING PATTERNS FOR REACTIONS IN PARALLEL

The desired liquid-phase reaction

dCy dC
A+B—>R+T “R=TTo ey ®)
is accompanied by the unwanted side reaction
dCy dC
A+B—HS+U ST pcycy ©)

From the standpoint of favorable product distribution, order the contacting
schemes of Fig. 7.2, from the most desirable to the least desirable.

SOLUTION

Dividing Eq. (5) by Eq. (6) gives the ratio

which is to be kept as large as possible. According to the rule for reactions in
parallel, we want to keep C, high, Cg low, and since the concentration depen-
dency of B is more pronounced than of A, it is more important to have low Cy
than high C,. The contacting schemes are therefore ordered as shown in Fig. E7.1.
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Most Least
desirable desirable

Cp high Cp low Cp high
Cpg low Cpg low Cg high
(@ ®) ©
Figure E7.1

Comment. Example 7.2 verifies these qualitative findings. We should also note
that there are still other contacting schemes which are superior to the best found
in this example. For example, if we can use an excess of a reactant, or if it is
practical to separate and recycle unconverted reactant, then vastly improved
product distribution is possible. -

Quantitative Treatment of Product Distribution and of Reactor Size. If rate
equations are known for the individual reactions, we can quantitatively determine
product distribution and reactor-size requirements. For convenience in evaluating
product distribution we introduce two terms, ¢ and ®. First, consider the decom-
position of reactant A, and let ¢ be the fraction of A disappearing at any instant
which is transformed into desired product R. We call this the instantaneous
fractional yield of R. Thus at any C,

_ <moles R formed) dCy

moles A reacted)  —dC A )

For any particular set of reactions and rate equations ¢ is a function of C,,
and since C, in general varies through the reactor, ¢ will also change with
position in the reactor. So let us define ® as the fraction of all the reacted A
that has been converted into R, and let us call this the overall fractional yield
of R. The overall fractional yield is then the mean of the instantaneous fractional
yields at all points within the reactor; thus we may write

P = <all R formed) CRf Cr

all Areacted/ Cyy— Cay (—AC,) Pin reactor 8)

It is the overall fractional yield that really concerns us for it represents the
product distribution at the reactor outlet. Now the proper averaging for ¢ depends
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on the type of flow within the reactor. Thus for plug flow, where C, changes
progressively through the reactor, we have from Eq. 7:

-1 C C
For PFR: b =—" | A
o P Cao— CAf Cao $dCa = ACA god A ©)

For mixed flow, the composition is C,; everywhere, so ¢ is likewise constant
throughout the reactor, and we have

For MFR: q)m = @evaluated at C Af' (10)

The over-all fractional yields from mixed and plug flow reactors processing A
from C,, to C,y are related by

dd 1 rc
P, <—Ed CA)at e and ¢, = AC, e f d> ndCa a1

These expressions allow us to predict the yields from one type of reactor given
the yields from the other.

For aseries of 1, 2, ... , N mixed flow reactors in which the concentration of
A'is Cyy, Cay, ..., Cyns the overall fractional yield is obtained by summing the
fractional yields in each of the N vessels and weighting these values by the
amount of reaction occurring in each vessel. Thus

@1(Cap = Car) + - + @x(Can-1 = Can) = Py mixea (Cao — Can)

from which

® _@i(Cag = Car) + @(Cpy — Cpp) + -+ + op(Can-1 = Can)
N mixed — CAO _ CAN

12)

For any reactor type the exit concentration of R is obtained directly from Eq.
8. Thus

Crp= D(Cpo — CAf) 13)

and Fig. 7.3 shows how Cy is found for different types of reactors. For mixed
flow reactors, or mixed flow reactors in series, the best outlet concentration to
use, that which maximizes Cy, may have to be found by maximization of rectangles
(see Chapter 6).

Now the shape of the ¢ versus C, curve determines which type of flow gives
the best product distribution, and Fig. 7.4 shows typical shapes of these curves
for which plug flow, mixed flow, and mixed followed by plug flow are best.

These fractional yield expressions allow us to relate the product distribution
from different types of reactors and to search for the best contacting scheme.
However, one condition must be satisfied before we can safely use these relation-
ships: We must truly have parallel reactions in which no product influences the
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Plug flow Mixed flow Staged reactors

Cgyfrom Cgyfrom Cryfrom
A Egs. 13and 9 Egs. 13 and 10 : Egs. 13 and 12

NN
NNNN

NN
NN
NN
N
N
~
N
N

Ca Cho Car Caz Cn1 Cho
4 e cacy — v

Figure 7.3 Shaded and dashed area gives total R formed.

rate to change the product distribution. The easiest way to test this is to add
products to the feed and verify that the product distribution is in no way altered.

So far, the fractional yield of R has been taken as a function of C, alone and
has been defined on the basis of the amount of this component consumed. More
generally, when there are two or more reactants involved, the fractional yield
can be based on one of the reactants consumed, on all reactants consumed, or
on products formed. It is simply a matter of convenience which definition is
used. Thus, in general, we define (M/N) as the instantaneous fractional yield
of M, based on the disappearance or formation of N.

The use of fractional yields to determine the product distribution for parallel
reactions was developed by Denbigh (1944, 1961).

The Selectivity. Another term, the selectivity, is often used in place of fractional
yield. It is usually defined as follows:

moles of desired product formed
moles of undesired material formed

selectivity = (

Plug } Mixed |

|
|
|
|
|
|
|
|
|

Car Cho Cas Cao Cas Ca1 Cao
(@ ® ©

Figure 7.4 The contacting pattern with the largest area produces most R: (a) plug flow
is best, (b) mixed flow is best, (¢) mixed flow up to C,; followed by plug flow is best.
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This definition may lead to difficulties. For example, if the reaction is the partial
oxidation of a hydrocarbon, as follows:

a goulash of undesired
A (reactant) %, R (desired) + | materials (CO, CO,, H,0,
CH,OH, etc.

Here the selectivity is hard to evaluate, and not very useful. Thus, we stay away
from selectivity and use the clearly defined and useful fractional yield, ¢(R/A).

PRODUCT DISTRIBUTION FOR PARALLEL REACTIONS

Consider the aqueous reactions

dcC
R, desired —R_-10 C1 > C03 mol/liter-min
k70 Tdr
A+B \1(2
S, unwanted a t =1.0 C0 S C1 3 mol/liter-min

For 90% conversion of A find the concentration of R in the product stream.
Equal volumetric flow rates of the A and of B streams are fed to the reactor,
and each stream has a concentration of 20 mol/liter of reactant.

The flow in the reactor follows.

(a) Plug flow
(b) Mixed flow
(¢) The best of the four plug-mixed contacting schemes of Example 7.1.

SOLUTION

As a warning, be careful to get the concentrations right when you mix streams.
We show this in the three sketches for this problem. Also, the instantaneous
fractional yield of the desired compound is

(5) __dG _ ki CRCY _ Gy
P\A) " dCy +dCs  kCHCEF + kCECE ~ Cy + CF

Now let us proceed.

(a) Plug Flow

Referring to Fig. E7.2a, noting that the starting concentration of each reactant
in the combined feed is C,; = Cpy = 10 mol/liter and that C, = Cy everywhere,
we find from Eq. 9 that

CpdCy dC,
©p= Cao — CAfI"’dCA 10 — 1f10cA + C 9L1+c05
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In separate streams
Cpo=Cgo =10

CAO =20
Cho =20

Figure E7.2a

Cpp= Cy=1
CRf+ CSf= ]

Let C%’ = x, then C, = x? and dC, = 2xdx. Replacing C, by x in the above
expression gives

1 (Vio2xdx _ 2| (Vo ,  (Vio_dx
q)f’_§1 1+X——9-|:fl dx J'l 1+x]

- Coy=9(0.32) = 2.86

(b) Mixed Flow
Referring to Fig. E7.2b, we have from Eq. 10, for C, = Cy

R) R
cI)m <K> = Qatexit — 1+ C%S =05

Therefore Eq. 13 gives

Cry = 9(0.5) = 4.5 mol/liter
Cs=9(1 — 0.5) = 4.5 mol/liter

Cho=20

———> ) Cro=Cgo=10

—_—

Cho=20 Cp = Cgs=1
CRf+ C3f= 9

Figure E7.2b

(¢) Plug Flow A—Mixed Flow B
Assuming that B is introduced into the reactor in such a way that Cz = 1 mol/
liter throughout, we find concentrations as shown in Fig. E7.2¢. Then accounting

CAO = ].9

Cho= 20 CRf+ CSf=9

Cho =20 Assume Cgp= 1 everywhere

Figure E7.2c
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for the changing C, in the reactor, we find

B _ _1 'CAf _ _1 1 CAdCA
® (A) Cao— CAfJCAo #dCa 19-1 L9 Ca+ (P

1] o dCy |1 N 1200
_18[1dCA L CA+1]_18[(19 D lnz]“om

Therefore

Cry = 9(0.87) = 7.85 mol/liter
Csy=9(1 — 0.87) = 1.15 mol/liter

To summarize

For plug flow: @ ( ) =032 and Cg= 2.86 mol/liter

>|m

For mixed flow: @ (——) =050 and Cgs= 4.5 mol/liter

A p|A

For the optimum: & <K> =087 and Cgs=7.85 mol/liter

Note. These results verify the qualitative findings of Example 7.1.

The Side Entry Reactor

To evaluate how best to distribute the side entry feed and how to calculate the
corresponding conversion equation is a rather complex problem. For this type
of contacting in general see Westerterp et al. (1984).

To actually build a commercial-sized side entry reactor is another problem.
Chem. Eng. News (1997) reports on how this was cleverly done by using a reactor
somewhat like a shell-and-tube heat exchanger which used porous walled tubes.

Reactant A flowed through the tubes which contained baffles to encourage
lateral mixing of fluid and approach to plug flow. Reactant B, to be kept at a
close-to-constant low concentration in the tubes, enters the exchanger through
the shell side at a somewhat higher pressure than that in the tubes. Thus, B
diffused into the tubes along the whole length of the tubes.

GOOD OPERATING CONDITIONS FOR PARALLEL
REACTIONS

Often a desired reaction is accompanied by a variety of undesired side reactions,
some of higher order, some of lower order. To see which type of single reactor
gives the best product distribution, consider the simplest typical case, the parallel
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decompositions of A, C,, = 2,

R rg=1
A—S rg=2C,
T rp=C4

Find the maximum expected Cs for isothermal operations

(a) in a mixed flow reactor

(b) in a plug flow reactor

(¢) in a reactor of your choice if unreacted A can be separated from the
product stream and returned to the feed at C,, = 2.

SOLUTION
Since S is the desired product, let us write fractional yields in terms of S. Thus

dCy B 2C, . 2C,
dCr +dCs+dCy 1+2C,+Ch (14 C,)?

¢ (S/IA) =

Plotting this function we find the curve of Fig. E7.3 whose maximum occurs where

dp _ _d |_2Ca ]:0
dC, dC, |1+ CLP

=20, 1+ cp?/

©(S/A)

Figure E7.34, b, ¢

Solving we find

¢=05 at C,=10

(a) Mixed Reactor. Most S is formed when the rectangle under the ¢ versus
C, curve has the largest area. The required conditions can be found either
by graphical maximization of rectangles or analytically. Since simple explicit
expressions are available in this problem, let us use the latter approach. Then
from Eqgs. 10 and 13 we find for the area of the rectangle

Cyy= ¢(S1A)-(~AC) = 25 (Cao — €
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Differentiating and setting to zero to find the conditions at which most S
is formed

dCy _ d 2C
S — — —A — =
dc, dcC, [(1 + C,)? 2 CA)] 0

Evaluating this quantity gives the optimum operating conditions of a mixed
reactor as

2
CSf = g at CAf =

(b) Plug Flow Reactor. The production of S is maximum when the area under
the ¢ versus C, curve is maximum. This occurs at 100% conversion of A, as seen
in Fig. E7.3b. Thus, from Egs. 9 and 13

2 2C,

= _ [~ = [Pt=A
Csr ch(, o(S/A)dCy 0(1+ CLP

dC,

Evaluating this integral gives, for the plug flow optimum,

(¢) Any Reactor with Separation and Recycle of Unused Reactant. Since no
reactant leaves the system unconverted, what is important is to operate at condi-
tions of highest fractional yield. This is at C, = 1, where ¢ (S/A) = 0.5, as shown
in Fig. E7.3c. Thus, we should use a mixed flow reactor operating at C, = 1.
We would then have 50% of reactant A forming product S.

Comment. Summarizing, we find

<moles S formed

moles A fed ) = 0.33 for MFR

= 0.43 for a PFR
= 0.50 for an MFR with separation and recycle
Thus, a mixed flow reactor operating at conditions of highest ¢ with separation

and recycle of unused reactant gives the best product distribution. This result is
quite general for a set of parallel reactions of different order. J

BEST OPERATING CONDITIONS FOR PARALLEL
REACTIONS

For the reaction of Example 7.3 determine the arrangement of reactors which
would produce most S in a flow system where recycle and reconcentration of
unreacted feed is not possible. Find Cs,, for this arrangement of reactors.
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SOLUTION

From Fig. E7.4 we see that mixed flow followed by plug flow would be best.

Plug Mixed
flow flow

CAO=2

@(S/A)

Figure E7.4
Thus, for mixed flow, from Example 7.3
C,=1,¢=05, thus Cg= ¢(AC,) =0.5(2 — 1) = 0.5 mol/liter

For plug flow, from Example 7.3
2C .
= f edC, = f T T 5 dC, = 0.386 molliter

Therefore, the total amount of Cg formed is

Cs 1o = 0.5 + 0.386 = 0.886 mol/liter

This is only slightly better than for plug flow alone, calculated in Example 7.3.
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PROBLEMS

7.1. For a given feed stream having C,, should we use a PFR or a MFR and
should we use a high or low or some intermediate conversion level for the
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exit stream if we wish to maximize ¢(S/A)? The reaction system is
%
A \%: S, desired
T

where ny, n,, and n; are the reaction orders of reactions 1, 2, and 3.
@n=1,n=2n=3
Mb)n =2,n=3,n=1
©n=3n=1,n=2

Using separate feeds of A and B sketch the contacting pattern and reactor
conditions which would best promote the formation of product R for the
following systems of elementary reactions.

A+B—R
A+B—R
7.2. Flow system 7.3. 2A — S ; Batch system
A—S
2B—>T
A+B—R A +B—R
7.4. Batch system 71.5. } Flow system
A—S 2A—S
7.6. Substance A in a liquid reacts to produce R and S as follows:
R first order
/
A
S first order
A feed (Cyy = 1, Cgy = 0, Cy, = 0) enters two mixed flow reactors in
series, (7, = 2.5 min, 7, = 5 min). Knowing the composition in the first
reactor (C,, = 0.4, Cgy = 0.4, C5; = 0.2), find the composition leaving the
second reactor.
7.7. Substance A in the liquid phase produces R and S by the following reactions:

R, mr=kCi
A
N
S,  rg=k,C,
The feed (C,, = 1.0, Cgy = 0, Cy, = 0.3) enters two mixed flow reactors
in series (7, = 2.5 min, 7, = 10 min). Knowing the composition in the first

reactor (C,; = 0.4, Cg; = 0.2, Cg = 0.7), find the composition leaving the
second reactor.
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7.8.

7.9.

7.10.

7.11.

Liquid reactant A decomposes as follows:
R, rr=kC3, k =0.4m*mol'min
A

S,  rg=k,C,, k,=2min"

A feed of aqueous A (C,, = 40 mol/m®) enters a reactor, decomposes, and
a mixture of A, R, and S leaves.

Find Cy, and Cg and 7 for X, = 0.9 in a mixed flow reactor.
Find Cg, and Cg and 7 for X, = 0.9 in a plug flow reactor.

Find the operating condition (X,, 7, and Cs) which maximizes Cg in a
mixed flow reactor.

Find the operating condition (X,, 7, and Cy) which maximizes Cy in a
mixed flow reactor.

7.12.

7.13.

Reactant A in a liquid either isomerizes or dimerizes as follows:

A = Ryegired rr = ki Cy

A+ A —’Sunwamed rg = kZCZA

(a) Write o(R/A) and ¢[R/(R + S)].
With a feed stream of concentration C,, find Cg,,x Which can be formed
(b) in a plug flow reactor,
(¢) in a mixed flow reactor.
A quantity of A of initial concentration C,, = 1 mol/liter is dumped into
a batch reactor and is reacted to completion.
(d) If Cg = 0.18 mol/liter in the resultant mixture, what does this tell of
the kinetics of the reaction?

In a reactive environment, chemical A decomposes as follows
R, rg=C,molliters

A
N

S, rg = 1 mol/liter-s

For a feed stream C,, = 4 mol/liter what size ratio of two mixed flow
reactors will maximize the production rate of R? Also give the composition
of A and R leaving these two reactors.
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7.15.
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Consider the parallel decomposition of A of different orders

R, rp=1
/
A:» S, rg=2C,
T, rp= Cﬁ

Determine the maximum concentration of desired product obtainable in
(a) plug flow,
(b) mixed flow.

R is the desired product and C,, = 2.

S is the desired product and C,, = 4.

7.16. T is the desired product and C,, = 5.

7.117.

7.18.

7.19.

Under ultraviolet radiation, reactant A of C,, = 10 kmol/m? in a process
stream (v = 1m*/min) decomposes as follows.

R, rg = 16C%  kmol/m* min
A—S, ry=12C, kmol/m*min
T, re=C4 kmol/m>min

We wish to design a reactor setup for a specific duty. Sketch the scheme
selected, and calculate the fraction of feed transformed into desired product
as well as the volume of reactor needed.

Product R is the desired material.

Product S is the desired material.

Product T is the desired material.

The stoichiometry of a liquid-phase decomposition is known to be

7
A

N
S

In a series of steady-state flow experiments (C,, = 100, Cgy = Cg, = 0) in
a laboratory mixed flow reactor the following results are obtained:

Cy 90 8 70 60 S50 40 30 20 10 O
Cr 7 13 18 22 25 27 28 28 27 25

Further experiments indicate that the level of Cy and Cg have no effect
on the progress of the reaction.
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7.20.

7.21.

7.22.

With a feed C,, = 100 and exit concentration C,; = 20, find Cy at the exit
from a plug flow reactor.

With C,, = 200 and C,; = 20, find Cy, at the exit from a mixed flow reactor.

How should we operate a mixed flow reactor so as to maximize the produc-
tion of R? Separation and recycle of unused reactant is not practical.

7.23.

7.24.

7.25.

When aqueous A and aqueous B (C,, = Cy) are brought together they
react in two possible ways:

R+T, rg =50C, nrsfﬁr

A+B
mol
S+U, rg= 100CB m
to give a mixture whose concentration of active components (A, B, R, S,
T, U) is Cypt = Cap + Cgy = 60 mol/m3. Find the size of reactor needed

and the R/S ratio produced for 90% conversion of an equimolar feed of
F,y = Fgy = 300 mol/hr:

in a mixed flow reactor;
in a plug flow reactor;
in a reactor that gives highest Cy. Chapter 6 tells that this should be plug

flow for A and side entry for B. In such a reactor introduce B in such a
way that Cy is constant throughout the reactor.

7.26.

1.27.

Reactant A decomposes in an isothermal batch reactor (C,, = 100 ) to
produce wanted R and unwanted S, and the following progressive concen-
tration readings are recorded:

C, | (100) 90 8 70 60 S0 40 30 20 10 (0)
Cr © 1 4 9 16 25 35 45 55 64 (71)

Additional runs show that adding R or S does not affect the distribution
of products formed and that only A does. Also, it is noted that the total
number of moles of A, R, and S is constant.

(a) Find the ¢ versus C, curve for this reaction.
With a feed of C,, = 100 and C,; = 10, find Cg

(b) from a mixed flow reactor,

(¢) from a plug flow reactor,

(d) and (e): Repeat parts (b) and (c) with the modification that Cy, = 70.

The great naval battle, to be known to history as the Battle of Trafalgar
(1805), was soon to be joined. Admiral Villeneuve proudly surveyed his
powerful fleet of 33 ships stately sailing in single file in the light breeze.
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The British fleet under Lord Nelson was now in sight, 27 ships strong.
Estimating that it would still be 2 hours before battle, Villeneuve popped
open another bottle of burgundy and point by point reviewed his carefully
thought-out battle strategy. As was the custom of naval battles at that time,
the two fleets would sail in single file parallel to each other and in the same
direction, firing their cannons madly. Now, by long experience in battles
of this kind, it was a well-known fact that the rate of destruction of a fleet
is proportional to the fire power of the opposing fleet. Considering his
ships to be on a par, one for one, with the British, Villeneuve was confident
of victory. Looking at his sundial, Villeneuve sighed and cursed the light
wind—he’d never get it over with in time for his afternoon snooze. “Oh
well,” he sighed, ‘““c’est la vie.” He could see the headlines next morning:
“British fleet annihilated, Villeneuve’s losses are . . .”” Villeneuve stopped
short. How many ships would he lose? Villeneuve called over his chief
bottle-cork popper, Monsieur Dubois, and asked this question. What an-
swer does he get?

At this very moment, Nelson, who was enjoying the air on the poop
deck of the Victory, was stuck with the realization that all was ready except
for one detail—he had forgotten to formulate his battle plan. Commodore
Archibald Forsythe-Smythe, his trusty trusty, was hurriedly called over for
a conference. Being familiar with the firepower law, Nelson was loathe to
fight the whole French fleet (he could see the headlines too). Now certainly
it was no disgrace for Nelson to be defeated in battle by superior forces,
so long as he did his best and played the game; however, he had a sneaking
suspicion that maybe he could pull a fast one. With a nagging conscience as
to whether it was cricket or not, he proceeded to investigate this possibility.

It was possible to “‘break the line”’—that is, to start parallel to the French
fleet, and then cut in and divide the enemy fleet into two sections. The
rear section could be engaged and disposed of before the front section
could turn around and rejoin the fray. Now to the question. Should he
split the French fleet and if so, then where? Commodore Forsythe-Smythe,
who was so rudely taken from his grog, grumpily agreed to consider this
question and to advise Nelson at what point to split the French fleet so as
to maximize their chance for success. He also agreed to predict the outcome
of the battle using this strategy. What did he come up with?

7.28 Find the size of the two reactors needed in Example 7.4 (see Figure E7.4)
for a feed flow rate of 100 liter/s, and for reaction rates given in units of
mol/liter - s.



Chapter 8

Potpourri of Multiple Reactions

Chapter 7 considered reactions in parallel. These are reactions where the product
does not react further. This chapter considers all sorts of reactions where the
product formed may react further. Here are some examples:

A+B—R

A—R—S
R+B—S N\
A—>R—>S—T S+B—>T T U
Series Series parallel, or Denbigh system
consecutive-competitive A
Za
~ZR—S AZZRZES =S
Reversible and Reversible Reversible
irreversible network

We develop or present the performance equations of some of the simpler systems
and point out their special features such as maxima of intermediates.

8.1 IRREVERSIBLE FIRST-ORDER REACTIONS IN SERIES

For easy visualization consider that the reactions

AR g @

proceed only in the presence of light, that they stop the instant the light is turned
off, and that for a given intensity of radiation, the rate equations are

Fpa = _kch (2)
rR = kch - kZCR (3)
rs =k, Cr )

Our discussion centers about these reactions.
170
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Concentration in beaker

Time since light was turned on

Figure 8.1 Concentration-time curves if
the contents of the beaker are irradi-
ated uniformly.

Qualitative Discussion About Product Distribution. Consider the following two
ways of treating a beaker containing A: First, the contents are uniformly irradi-
ated; second, a small stream is continuously withdrawn from the beaker, irradi-
ated, and returned to the beaker; the rate of absorption of radiant energy is the
same in the two cases. The two schemes are shown in Figs. 8.1 and 8.2. During
this process A disappears and products are formed. Is the product distribution
of R and S different in the two beakers? Let us see whether we can answer this
question qualitatively for all values of the rate constants.

In the first beaker, when the contents are being irradiated all at the same time,
the first bit of light will attack A alone because only A is present at the start.
The result is that R is formed. With the next bit of light both A and R will
compete; however, A is in very large excess so it will preferentially absorb the
radiant energy to decompose and form more R. Thus, the concentration of R
will rise while the concentration of A will fall. This process will continue until
R is present in high enough concentration so that it can compete favorably with
A for the radiant energy. When this happens, a maximum R concentration is
reached. After this the decomposition of R becomes more rapid than its rate of

Essentially
A—>R >S complete

conversion
Glass tube

1&

Concentration in beaker

R
Time since light was turned on

Figure 8.2 Concentration-time curves for the contents of the beaker if
only a small portion of the fluid is irradiated at any instant.
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formation and its concentration drops. A typical concentration time curve is
shown in Fig. 8.1.

In the alternative way of treating A, a small fraction of the beaker’s contents
is continuously removed, irradiated, and returned to the beaker. Although the
total absorption rate is the same in the two cases, the intensity of radiation
received by the removed fluid is greater, and it could well be, if the flow rate is
not too high, that the fluid being irradiated reacts essentially to completion. In
this case, then, A is removed and S is returned to the beaker. So, as time passes
the concentration of A slowly decreases in the beaker, S rises, while R is absent.
This progressive change is shown in Fig. 8.2.

These two methods of reacting the contents of the beaker yield different
product distributions and represent the two extremes in possible operations, one
with a maximum possible formation of R and the other with a minimum, or no
formation, of R. How can we best characterize this behavior? We note in the
first method that the contents of the beaker remain homogeneous throughout,
all changing slowly with time, whereas in the second a stream of highly reacted
fluid is continually being mixed with fresh fluid. In other words, we are mixing
two streams of different compositions. This discussion suggests the following
rule governing product distribution for reactions in series.

For irreversible reactions in series the mixing of fluid of
different composition is the key to the formation of
intermediate. The maximum possible amount of any and all )
intermediates is obtained if fluids of different compositions
and at different stages of conversion are not allowed to mix.

As the intermediate is frequently the desired reaction product, this rule allows
us to evaluate the effectiveness of various reactor systems. For example, plug
flow and batch operations should both give a maximum R yield because here
there is no mixing of fluid streams of different compositions. On the other hand,
the mixed reactor should not give as high a yield of R as possible because a
fresh stream of pure A is being mixed continually with an already reacted fluid
in the reactor.

The following examples illustrate the point just made. We then give a quantita-
tive treatment which will verify these qualitative findings.

FAVORABLE CONTACTING PATTERNS FOR ANY SET
OF IRREVERSIBLE REACTIONS IN SERIES, NOT JUST
A—>R—S

Which contacting pattern of Figs. E8.1, when properly operated, can give a higher
concentration of any intermediate, the contacting pattern on the left or the one
on the right?
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(a)

(b)

(c)

(d)

Figure E8.1a, b, ¢, d

SOLUTION

Focusing on the mixing rule for reactions in series, that the extent of mixing of
streams of different composition should be minimized, we reason

for part (a):

for part (b):

for part (c):
for part (d):

The left pattern is better; in fact it is the best possible flow
scheme.

Looking at Figs. 6.5, 6.6, and 6.16, 6.17 of Chapter 6 we see that
the left is closer to plug flow for both first- and for second-order
reactions. So we generalize this to any positive order reaction.

The right pattern is better because it is closer to plug flow.

Turbulent flow has less intermixing of fluids of different ages,
less bypassing; hence, the right scheme is better.

Note. In the quantitative analysis that follows we verify this general and impor-

tant rule.

Quantitative Treatment, Plug Flow or Batch Reactor. In Chapter 3 we devel-
oped the equations relating concentration with time for all components of the
unimolecular-type reactions

AR B,
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in batch reactors. The derivations assumed that the feed contained no reaction
products R or S. If we replace reaction time by the space time, these equations
apply equally well for plug flow reactors, thus

Ca

=e"k17
Cho
R__k
Cao k=K

(e‘k17 — e—sz)

C=Chn~Coa—Cr

(3.47) or (6)

(3.49) or (7)

The maximum concentration of intermediate and the time at which it occurs is

given by

CR,max —

CAO

Tp.opt =

k1>k2/(k7_—k1)
k,

1

_In(ky/ky)

klog mean

k2—k1

(3.52) or (8)

3.51) or 9)

This is also the point at which the rate of formation of S is most rapid.
Figure 8.3a, prepared for various k,/k, values, illustrates how this ratio governs

1 | I 1 T | I S
Cp Pt - A—>R—>S Ca /
Can - Plug flow C /
0.8 AOQ // | | AO / -
7 0.1
7\ k //
/7 NRosor2 2 0.1
o 0.6 t— // CAO for kl ] [ _C_S/
< CA
% //\ Locus of Cg max / 0 ;IEZ=
0.4 / _ - / 1,0
/ /7
/ // C
0.2 / — — e R —
/ - Cao
/ 1 -
10 —= 10
0 | | | o = | | |
0 1 2 3 4 5 0 1

Figure 8.3a, b Behavior of unimolecular-type reactions

XA =1- CA/CAO
(b)

Ky ky
A—>R—=>S, Cge=C4=0

in a plug flow reactor: (a) concentration-time curves, and (b) relative concentration of the
reaction components. See Fig. 8.13 for a more detailed figure.
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Figure 8.4 Variables for reactions in series
(no R or S in the feed) occurring in a mixed
flow reactor.

the concentration-time curves of the intermediate R. Figure 8.3b, a time-indepen-
dent plot, relates the concentration of all reaction components; also see Eq. 37.

Quantitative Treatment, Mixed Flow Reactor. Let us develop the concentra-
tion-time curves for this reaction when it takes place in a mixed flow reactor.
This may be done by referring to Fig. 8.4. Again, the derivation will be limited
to a feed which contains no reaction product R or S.

By the steady-state material balance we obtain for any component

input = output + disappearance by reaction 4.1) or (10)
which for reactant A becomes

Fpny = Fp + (—r))V
or

UCAO = UCA + kchV

Noting that

1% -
; =T,=1 (11)
we obtain for A, on rearranging,
Cy 1
—_— = 12
Cp 1+Kk7, 12)

For component R the material balance, Eq. 10, becomes

UCRO = UCR + (—YR)V

or

0= UCR + (—kch + kZCR)V
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With Egs. 11 and 12 we obtain, on rearranging,

% N a+ klf,]:;?f + k,1,) s
C; is found by simply noting that at any time
Cy + Cg + G5 = Cyy = constant
hence
G kik, T3, 14)

Cao (A + k)1 + Ky,

The location and maximum concentration of R are found by determining
dCgl/dr, = 0. Thus

ﬁ =0= Caoki(1 + ky7,)(1 + ky7,) — CpokaTulkn(1 + ky7) + (1 + kg7, o)
dr, (1 + k7, (1 + kym,)?

which simplifies neatly to give

1

Tmopt = —F—— as)

The corresponding concentration of R is given by replacing Eq. 15 in Eq. 13.
On rearranging, this becomes

CR,max — 1
Cho  [(kolb)2 + 1]

(16)

Typical concentration-time curves for various k,/k; values are shown in Fig.
8.5a. A time-independent plot, Fig. 8.5b, relates the concentrations of reactant
and products.

Remarks on Performance Characteristics, Kinetic Studies, and Design. Figures
8.3a and 8.5a show the general time-concentration behavior for plug and mixed
flow reactors and are an aid in visualizing the actual progress of the reaction.
Comparison of these figures shows that except when k; = k, the plug flow
reactor always requires a smaller time than does the mixed reactor to achieve
the maximum concentration of R, the difference in times becoming progressively
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Figure 8.5a, b Behavior of unimolecular-type reactions

Ky Ky
A—>R—=>§

in a mixed flow reactor: (a) concentration-time curves, and (b) relative concentration of the
reaction components. See Fig. 8.14 for a more detailed figure.

larger as k,/k, departs from unity (see Egs. 15 and 9). In addition, for any reaction
the maximum obtainable concentration of R in a plug flow reactor is always
higher than the maximum obtainable in a mixed reactor (see Egs. 16 and 8).
This verifies the conclusions arrived at by qualitative reasoning.

Figures 8.3b and 8.5b, time-independent plots, show the distribution of materi-
als during reaction. Such plots find most use in kinetic studies because they allow
the determination of k,/k, by matching the experimental points with one of the
family of curves on the appropriate graph. Figures 8.13 and 8.14 are more detailed
representations of these two figures. Though not shown in the figures, Cg can
be found by difference between C,, and C, + Cy.

Figure 8.6 presents the fractional yield curves for intermediate R as a function
of the conversion level and the rate constant ratio. These curves clearly show
that the fractional yield of R is always higher for plug flow than for mixed flow
for any conversion level. A second important observation in this figure concerns
the extent of conversion of A we should plan for. If for the reaction considered
k,/k, is much smaller than unity, we should design for a high conversion of A
and probably dispense with recycle of unused reactant. However, if k,/k, is
greater than unity, the fractional yield drops very sharply even at low conversion.
Hence, to avoid obtaining unwanted S instead of R we must design for a very
small conversion of A per pass, separation of R, and recycle of unused reactant.
In such a case large quantities of material will have to be treated in the A-R
separator and recycled, and this part of the process will figure prominently in
cost considerations.
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Figure 8.6 Comparison of the fractional yields of R in mixed flow and
plug flow reactors for the unimolecular-type reactions
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8.2 FIRST-ORDER FOLLOWED BY ZERO-ORDER REACTION

Let the reactions be

—ry=kC /C
Al gl ,g TATTIA where K = 240 (17
nl—l nz—o rR = kch - k2 kl
For batch or plug flow with Cgy = Cg, = 0 integration gives
Ca .
—& = okt 18
Cuc 18)
and
Cr ky
—=1-ek——=¢ 19
Cu Cui @)
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Concentration

Crof ~ 77 ___S——_
Initial Slope .>\\ Eq 18 /’_
=-k1Cpo \ CR, max (EQ. 20)
| Eg. 19
Initial slope = /
k1Cpo = k2 /
Y
i A
0 | t
I 1
Slope = k; g e (EG- 21) Get this ¢ from
3 k )
——t+e =1
Cho

Figure 8.7 Product distribution for the reactions A LRSS

The maximum concentration of intermediate, Cg,,, and the time when this
occurs is found to be

C
—Rmax — 1 -~ K(1 - InK) (20)
CAO
and
1.1
tR,max = k_1 In E (21)

Graphically we show these findings in Fig. 8.7.

8.3 ZERO-ORDER FOLLOWED BY FIRST-ORDER REACTION

Let the reactions be

—ra=k

k,
p— —_ = 2
s R = S - k,— k,Cg Apresent; K kICo (22)
= —k,Cy A absent

for batch or plug flow with Cgy = Cg, = 0 integration gives

Ca__kt

23
Coo | Ca @3
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Cao
Initial slope |

=k

Initial slope |

=k

0

Initial slope = 0 1R, max (EQ. 27)

n=0 =1
Figure 8.8 Product distribution for the reactions AR>S

and

1 Cho
= — 1 — e_kzt << — (24)
Cr K ( ) ky
Cho 1 Cuo
— K-kyt _ okt otz 25
K (eFhr—e) 1> k; @5)

The maximum concentration of intermediate, Cg ,x, and the time when this
occurs is found to be

CR,max = 1—e* 26
Cro K (26)
and
_Cao
tR,max - k1 (27)

Graphically we show these findings in Fig. 8.8.

8.4 SUCCESSIVE IRREVERSIBLE REACTIONS OF DIFFERENT
ORDERS

In principle, concentration-time curves can be constructed for successive reac-
tions of different orders. For the plug flow or batch reactor and for the mixed
reactor explicit solutions are difficult to obtain; thus, numerical methods provide
the best tool for treating such reactions.
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For these reactions the concentration-time curves are of little generality for
they are dependent on the concentration of reactant in the feed. As with reactions
in parallel, a rise in reactant concentration favors the higher-order reaction; a
lower concentration favors the lower-order reaction. This causes a shift in Cg g4,
and this property can be used to improve the product distribution.

8.5 REVERSIBLE REACTIONS

Solution of the equations for successive reversible reactions is quite formidable
even for the first-order case; thus, we illustrate only the general characteristics
for a few typical cases. Consider the reversible first-order reactions

A=R=S (28)
and
T
Y
B\'\/ (29)
N U

Figures 8.9 and 8.10 display the concentration time curves for the components
in batch or plug flow for different values of the rate constants.

Figure 8.9 shows that the concentration of intermediate in reversible series
reactions need not pass through a maximum, while Fig. 8.10 shows that a product
may pass through a maximum concentration typical of an intermediate in the
irreversible series reaction; however, the reactions may be of a different kind.
A comparison of these figures shows that many of the curves are similar in shape,
making it difficult to select a mechanism of reaction by experiment, especially
if the kinetic data are somewhat scattered. Probably the best clue to distinguishing
between parallel and series reactions is to examine initial rate data—data ob-
tained for very small conversion of reactant. For series reactions the time-concen-
tration curve for S has a zero initial slope, whereas for parallel reactions this is
not so.

8.6 IRREVERSIBLE SERIES-PARALLEL REACTIONS

Multiple reactions that consist of steps in series and steps in parallel are called
series-parallel reactions. From the point of view of proper contacting, these
reactions are more interesting than the simpler types already considered because
a larger choice of contacting is usually possible, leading to much wider differences
in product distribution. Thus, design engineers are dealing with a more flexible
system and this affords them the opportunity to display their talents in devising
the best of the wide variety of possible contacting patterns. Let us develop our
ideas with a reaction type that represents a broad class of industrially important
reactions. We will then generalize our findings to other series-parallel reactions.
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Figure 8.9 Concentration-time curves for the ele-
mentary reversible reactions
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From Jungers et al. (1958), p. 207.
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For the reaction set consider the successive attack of a compound by a reactive
material. The general representation of these reactions is

A+B—%R

ky
B——
R+ S 30)
S+B-2>T
etc.

or

+B, k; +B, k, +B,k,
R S

where A is the compound to be attacked, B is the reactive material, and R, S,
T, etc., are the polysubstituted materials formed during reaction. Examples of
such reactions may be found in the successive substitutive halogenation (or
nitration) of hydrocarbons, say benzene or methane, to form monohalo, dihalo,
trihalo, etc., derivatives as shown below:

CH,—2 > CHCl —2> . — 25 CC

+HNO HNO
CﬁHﬁiH&CGHSNOZ T, CeHa(NO,),
CH4 +Cl, CH3C1 +Cl, +Cl, CC14

Another important example is the addition of alkene oxides, say ethylene oxide,
to compounds of the proton donor class such as amines, alcohols, water, and
hydrazine to form monoalkoxy, dialkoxy, trialkoxy, etc., derivatives, some exam-
ples of which are shown below:

H O CH,—CH,0H  _O_
/  +CH,—CH, *CH,—CH, _
N—H —*—2% N—H w—2—2% N=(CH,—CH,OH),
\H \ triethanolamine, TEA
monoethanolamine, MEA
H O CH,—CH,0H O
/  +CcH,—CH, / *CH,—CH,
o ——%o0 —2——2% 0=(CH,—CH,0H),
\H \H diethylene glycol
ethylene glycol

Such processes are frequently bimolecular, irreversible, hence second-order ki-
netically. When occurring in the liquid phase they are also essentially constant-
density reactions.
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Two-Step Irreversible Series-Parallel Reactions

We first consider the two-step reaction where the first substitution product is
desired. Actually for an n-step reaction the third and succeeding reactions do
not occur to any appreciable extent and may be ignored if the mole ratio of A
to B is high (see qualitative treatment given next). The reaction set considered
is thus

kl
A+B—>R
P 31
R+B—>S

With the assumption that the reaction is irreversible, bimolecular, and of constant
density, the rate expressions are given by

= 4% = kCACy 32)
rg = % = —k;CoCp — k,CrCy 33)
re = ‘—l% = k,C\Cs — kyCrCy (34)
ro = d—;t-s — k,CeCa 35)

Qualitative Discussion About Product Distribution. To get the ‘“feel” for what
takes place when A and B react according to Eq. 31, imagine that we have two
beakers, one containing A and the other containing B. Should it make any
difference in the product distribution how we mix A and B? To find out, consider
the following ways of mixing the reactants: (a) add A slowly to B, (b) add B
slowly to A, and finally (c) mix A and B together rapidly.

(a) Add A Slowly to B. For the first alternative pour A a little at a time into
the beaker containing B, stirring thoroughly and making sure that all the A is
used up and that the reaction stops before the next bit is added. With each
addition a bit of R is produced in the beaker. But this R finds itself in an excess
of B so it will react further to form S. The result is that at no time during the
slow addition will A and R be present in any appreciable amount. The mixture
becomes progressively richer in S and poorer in B. This continues until the
beaker contains only S. Figure 8.11 shows this progressive change.

(b) Add B Slowly to A. Now pour B a little at a time into the beaker containing
A, again stirring thoroughly. The first bit of B will be used up, reacting with A
to form R. This R cannot react further for there is now no B present in the
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Figure 8.11 Distribution of materials in the B
beaker for the method of mixing shown.

mixture. With the next addition of B, both A and R will compete with each
other for the B added, and since A is in very large excess it will react with most
of the B, producing even more R. This process will be repeated with progressive
buildup of R and depletion of A until the concentration of R is high enough so
that it can compete favorably with A for the B added. When this happens, the
concentration of R reaches a maximum, then decreases. Finally, after addition
of 2 moles of B for each mole of A, we end up with a solution containing only
S. This progressive change is shown in Fig. 8.12.

(c) Mix A and B Rapidly. Now consider the third alternative where the contents
of the two beakers are rapidly mixed together, the reaction being slow enough
so that it does not proceed to any appreciable extent before the mixture becomes
uniform. During the first few reaction increments R finds itself competing with
a large excess of A for B and hence it is at a disadvantage. Carrying through
this line of reasoning, we find the same type of distribution curve as for the
mixture in which B is added slowly to A. This situation is shown in Fig. 8.12.

The product distribution of Figs. 8.11 and 8.12 are completely different. Thus,
when A is kept uniform in composition as it reacts, as in Fig. 8.12, then R is
formed. However, when fresh A is mixed with partly reacted mixture, as in Fig.
8.11, then no intermediate R forms. But this is precisely the behavior of reactions
in series. Thus, as far as A, R, and S are concerned, we may view the reactions
of Eq. 31 as

AP, R

A second observation of Fig. 8.12 is that the concentration level of B, whether
high or low, has no effect on the path of the reaction and on the distribution of
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Figure 8.12 Distribution of materials in the mixing beaker for either of
the methods of mixing shown.

products. But this is precisely the behavior of parallel reactions of the same
order. So with respect to B, Eq. 31 can be looked at as

R

v

B

&

S

From this discussion we propose the general rule:

Irreversible series-parallel reactions can be analyzed in terms of their
constituent series reactions and parallel reactions in that optimum
contacting for favorable product distribution is the same as for the
constituent reactions.

For the reactions of Eq. 31 where R is desired this rule shows that the best
way of contacting A and B is to react A uniformly, while adding B in any
convenient way.

This is a powerful generalization which, without needing specific values for
the rate constants, can already show in many cases which are the favorable
contacting patterns. It is essential, however, to have the proper representation
of the stoichiometry and form of rate equation. Example 8.6 and many of the
problems of Chapter 10 apply these generalizations.
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Quantitative Treatment, Plug Flow or Batch Reactor. Here we quantitatively
treat the reactions of Eq. 31 with the understanding that R, the intermediate, is
the desired product, and that the reaction is slow enough so that we may ignore
the problems of partial reaction during the mixing of reactants.

In general, taking the ratio of two rate equations eliminates the time variable
and gives information on the product distribution. So dividing Eq. 34 by Eq. 32
we obtain the first-order linear differential equation

r_R = & = —1 + kZCR
Fa dCA leA

(36)

whose method of solution is shown in Chapter 3. With no R present in the feed
the limits of integration are C,to C, for A and Cg, = 0 for R, and the solution
of this differential equation is

G 1 [(&)"2”“ _ _CA] k
CAO 1- kz/ kl CA() CAO ’ kl
37
Ca_ Gy Cu k_ 7
Cao Cao G4’ k,
with maximum Cy at
Kyl (ky=ky)
CR,max <k1> CCE & # 1
Cho ky
(38)
CR max 1 k2
2 = — = —_— 1
Cus - 0.368 k,

This gives the relationship between Cp and C, in a batch or in a plug flow
reactor. To find the concentrations of the other components, simply make a
material balance. An A balance gives

Cpot+ Crpt Cyp=Cy + Cxr+ Cs 39
or

AC, + ACg + ACs = 0

from which Cs can be found as a function of C, and Cy. Finally, a balance about
B gives

ACy + ACg + 2AC =0 (40)

from which Cy can be found.
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Quantitative Treatment, Mixed Flow. Writing the design equation for mixed
flow in terms of A and R gives

7_ =CA0_CA= —Cg
" A IR

or
_Ca—Cy —Cr

Tm T 5 CiCy kyCrCp — kiCACy

Rearranging, we obtain

_CR kZCR
— =1y
CAO - CA kch

which is the difference equation corresponding to the differential equation, Eq.
36. Writing Cy in terms of C, then gives

C. = Ca(Cpo— Ca)
R Cp + (kylky)(Cpg — Ca)
ith 41
W CR,max — 1 ( )
Cao  [1+ (Kfkp)'2P

Equations 39 and 40, material balances about A and B in plug flow, hold equally
well for mixed flow and serve to complete the set of equations giving complete
product distribution in this reactor.

Graphical Representation. Figures 8.13 and 8.14, time-independent plots, show
the distribution of materials in plug and mixed flow and are prepared from Egs.
37 to 41. As mentioned earlier, A, R, and S behave like the components in first-
order reactions in series. Comparing Figs. 8.13 and 8.14 with Figs. 8.3b and 8.5b,
we see that the distribution of these materials is the same in both cases, plug
flow again giving a higher concentration of intermediate than mixed flow. The
lines of slope 2 on these charts show the amount of B consumed to reach any
particular point on the curve. It makes no difference whether B is added all at
one time as in a batch reactor or a little at a time as in a semibatch reactor; in
either case the same point on the chart will be reached when the same total
amount of B is consumed.

These figures indicate that no matter what reactor system is selected, when
the fractional conversion of A is low the fractional yield of R is high. Thus, if
it is possible to separate R cheaply from a product stream, the optimum setup
for producing R is to have small conversions per pass coupled with a separation
of R and recycle of unused A. The actual mode of operation will, as usual,
depend on the economics of the system under study.



190 Chapter 8 Potpourri of Multiple Reactions

/ 1.0
1 i
’ 0.0/
k /, ’l\
A+B—5R 604!
X // —’l\\
2 Pl
R+B—S 08 /7 « '.’
/0 OPEL | 12
| Batch or plug flow v S \\
0.8 C -C _O //// 0.1/
Ro = Cso = ///// - X
/%/ Of 5..1’
////// //672 S
74 - L \
0.6 4% 2T TN
. //// ¢ /// II' \\ 1.4
%/ L7 03/ SN
0.6 /ﬂ //// \\ \
! . S
////// 0.4% / ) |
Y Py - \
——CIR 7 g // \\ \
c /el /g \ \
A0 0.4 /47, s 9'—6-" - N |
74 -7 =~ \ |
///// /’,, 0.8~ /\\ /v 16
0.4 /2 A e ~~< N\ \
/// e 1, \\ N \
Amount of B used - , N N
\
\

Figure 8.13 Distribution of materials in a batch or plug flow reactor for the elementary series-
parallel reactions

A+B—>R

R+ B—2>§

Experimental Determination of the Kinetics of Reaction. The ratio k,/k; may
be found by analyzing the products of reaction from an experiment, and locating
the corresponding point on the appropriate design chart. The simplest way to
do this is to use different ratios of B to A in a batch reactor, allowing the reaction
to go to completion each time. For each run a value of k,/k; can be determined.
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A+B—LR

R +B—2>§

The best mole ratios to use are those where the lines of constant k,/k; are furthest
apart, or when —(AB/A) = 1.0, or close to equimolar ratios.
With k,/k; known, all that is needed is k; which must be found by kinetic

experiments. The simplest procedure is to use a large excess of B in which case
the disappearance of A follows first-order kinetics.
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s

KINETICS OF SERIES-PARALLEL REACTION

From each of the following experiments, what can we say about the rate constants
of the multiple reactions

kl
A+B—R

R +B—2>8

(a) Half a mole of B is poured bit by bit, with stirring, into a flask containing
amole of A. The reaction proceeds slowly, and when B is entirely consumed
0.67 mole of A remains unreacted.

(b) One mole of A and 1.25 moles of B are rapidly mixed, and the reaction is
slow enough so that it does not proceed to any appreciable extent before
homogeneity in composition is achieved. On completion of the reaction, 0.5
mole of R is found to be present in the mixture.

(¢) One mole of A and 1.25 moles of B are rapidly brought together. The
reaction is slow enough so that it does not proceed to any appreciable extent
before homogeneity in A and B is achieved. At the time when 0.9 mole of
B is consumed, 0.3 mole of S is present in the mixture.

SOLUTION

The sketches in Fig. E8.2 show how Fig. 8.13 is used to find the desired informa-
tion. Thus we find:

(@) kk, =4, (b) kylk, =04, (¢) k,lk, =145

AB
4B _ .25
/Ao 8B _0.9—y
4B _g5—» Ao
Ao / / 7
/ / f
R
R _o5fF————- == /
/ Ao / %% =034/
/ /
/ / /
/ /
/1 / /
Y Y /
I\A— =0.67
0
(a) (b) (c)

Figure E8.2




8.6 Irreversible Series-Parallel Reactions 193

Extensions and Applications

Three or More Reactions. Analysis of three or more reactions can be made
by procedures analogous to those presented. Of course, the mathematics becomes
more involved; however, much of the extra labor can be avoided by selecting
experimental conditions in which only two reactions need be considered at any
time. Figure 8.15 shows product distribution curves for one such reaction set,
the progressive chlorination of benzene.

Catipovic and Levenspiel (1979) have developed charts to represent the first
three steps of an n-step reaction sequence. Beyond three steps, simple perfor-
mance charts cannot be prepared.

Again, as with the two-reaction set, we find that a plug flow reactor yields a
higher maximum concentration of any intermediate than does a mixed flow re-
actor.

Polymerization. The field of polymerization affords an opportunity for a fruitful
application of these ideas. Often hundreds or even thousands of reactions in
series occur in the formation of polymers, and the type of crosslinking and
molecular weight distribution of these products are what gives these materials
their particular physical properties of solubility, density, flexibility, etc.

Since the mode of mixing of monomers with their catalysts profoundly affects
product distribution, great importance must be paid to this factor if the product
is to have the desired physical and chemical properties. Denbigh (1947, 1951)
considered some of the many aspects of this problem, and Fig. 8.16 shows for
various kinetics how reactor type influences the molecular weight distribution
of products.

1.0 T
= Batch or plug flow

A ——— Mixed
|,_
G N\
i \/\’
[a i
< N

R

0O 1.0 2.0 3.0

Bo- B =-AB

Figure 8.15 Product distribution in the progressive chlorination of benzene:

A+B—>R+U CH, + Cl,—> C;H,Cl + HCI
R+B—2>S+U or CHCl+ Cl,—>CH,Cl, + HCl

S+B—>T+U CH,Cl,—> CH,Cl, + HC

With ky/k, = 1/8 and ky/k, = 1/240; from R. B. MacMullin (1948).
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A
0.8+

Mixed flow

Batch or
plug flow

Batch or

0.2 plug flow

Mole % of given polymer in product
o
N
I

Mixed flow

| > |
0 200 400 00 10 20 30
Number of monomer units in polymer

(@) (b)

Figure 8.16 Type of flow and kinetics influence the molecular weight distribution
of polymer: (@) duration of polymerization reaction (life of active polymer) is
short compared to the reactor holding time; (b) duration of polymerization reaction
is long compared to the reactor holding time, or where polymerization has no
termination reaction. Adapted from Denbigh (1947).

8.7 THE DENBIGH REACTIONS AND THEIR SPECIAL CASES

Denbigh (1958) was the first to treat the following rather general reaction scheme

TA =k1pCx
=k{Cy — koyC
ALRr3g REMFATEOR( po_kovk,
2\ rg=k3Cr Keor = kot ke (42)
34 =Kzt Ky
T U rp=kCy
"U=k4CR
with
CA0+CR0+CSO+CT0+CU0=CA+CR+CS+CT+CU (43)

The performance equations for this reaction scheme reduce directly to all the
special cases, for example

R
S 7N
A—R—S, A—~R_, AzR—S, A —'s, A
N
U T

This scheme has wide application to a whole host of real reacting systems.
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These rate equations are all of first order and so to develop the performance
expressions does not involve complex mathematics, although it may be a tedious
task. In our treatment we will not present the detailed calculation steps, but will
just present the final results.

Batch or Plug Flow Reactors. Integration gives the performance equations for
this system

Cy
. = exp(—ky,t) 44)
A0

Cr ky Cro
— = exp(—kyt) — exp(—kyt)] + = exp(—kxyt 45
Cro K — kg [exp(—kipt) p(—ks4t)] Cio p(—ks4t) 45)

G kiks [exp(—k34t)_exp(—k12t)]+ kiks

Cro ks —kpp ksy ki, kirkss
(46)
CRO ks Cso
CAO T 211 — exp(—kyt)] + C
Cr Kk Cn
—L =211 - exp(—kpt)] + — 47
Cas kp [ p(—kp1)] Cio
C Cs
—C—U . . .same as C_ but with k; <>k, and Cyy<> Cy
A0 A0

For the special case where Cpy = Cgy = Cqy = Cyo = 0 the above expressions
simplify. We also can find Cg = f(C,), thus

el -2
== e (8)
Cao ki =k [ \Cy Cho
and
Crmax _ K1 <k12>k3“/(k3“—k12)
—28 === 49)
Cuo ko \ky
at
_ In(ksy/kyy) (50)

max
k34 - k12

For Cgy = Cgy = Cyy = Cy = 0 the behavior of the system is displayed as shown
in Fig. 8.17. This figure also shows Cy ,, and the time when this occurs in terms
of the rate constants.
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Cho

Concentrations

iR, max (EQ. 50)

Zero slope

Figure 8.17 Progress of the Denbigh reaction scheme in a plug flow reactor
for Cygy = Cyy = = Cy = 0.

Mixed Flow Reactors. Using the mixed flow performance equation with these
rates gives

CA 1
~-A __ 1 (51
Cao (1 +kpm,) )
Cr = ki, Cro_ 1 (52)
Cao (1 +kpn)A + kyr,)  Cag(1+ kyt,)
Cs k1k37' Cro ks, Cso
=S + R +=% 53
CAO (1 + k7)) (1 + kyy7y)  Cag(1+ ky1,)  Cyg 53)
Cr k7, Cr
Pt S 1. T (54)
Cao (I+kpm,) Ca
o mens S
- same as but with k3 <>k, and Cgy <> Cy, (55)
CAO Cao
At the optimum
CRmax < kl ) 1
_— (56
Crr  \ky) Tty + 17 )
at
! 57

Graphically, for Cpy = Cyy = Cyy = Cy, = 0, Fig. 8.18 shows the behavior of
this system.
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Cho

Cr, max (EQ. 56)

Eq. 51

Concentrations

|
OO Tm, R, max (Eq. 57) "
Figure 8.18 Progress of the Denbigh reaction scheme in a mixed flow reactor
fOI‘ CRO CSO CTO = CUO = 0.

Comments, Suggestions, and Extensions

The equations of this chapter can be extended and applied directly to many
other reaction schemes, for example

R U

/\ v

—T, A=—S—V, etc.

\/ \/

T "W
B//

Some problems at the end of this chapter consider these extensions.
A careful examination of the shape of the C versus  curves gives much useful
information on the rate constants. Here are some clues:

¢ Look at the initial slope of the curves; measure the slopes. Are the initial
slopes of produced materials zero or not?

® Measure the final concentration of all the reaction components.

¢ Find when an intermediate reaches its maximum concentration and measure
this concentration.

¢ In searching for a model or mechanism for the reaction scheme make runs
at different C,, and different Cyy/C,,.

e If possible, also make runs starting with intermediate. For example, for the
reaction A — R — S start with R alone and follow its disappearance.

e If the two steps of first-order reactions in series have very different values
for their rate constants, we can approximate the overall behavior as follows:

k=100 k=1
—>R—S = A——>S where k =

l+l=Q%
ky



R
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* For schemes involving different reaction orders, for reversible reactions, and
for a very-many-step scheme typical of polymerizations, analysis becomes
complicated.

* The key to optimum design for multiple reactions is proper contacting and
proper flow pattern of fluids within the reactor. These requirements are
determined by the stoichiometry and observed kinetics. Usually qualitative
reasoning alone can already determine the correct contacting scheme. This
is discussed further in Chapter 10. However, to determine the actual equip-
ment size requires quantitative considerations.

EVALUATE THE KINETICS FROM A BATCH EXPERIMENT

Japanese researchers very carefully followed the oxidation of sodium sulfide

Na,S (A) to sodium thiosulfate Na,S,0; (R) in a batch reactor. Intermediates

were measured and the results found were sketched in Fig. E8.3.

(a) Think up a simple network of reactions, all of first-order, to represent this oxi-
dation.

(b) Evaluate the rate constants of this network.

1\
185
Note: Sketch is not to scale
3
3
£
1S
&)
100
1
|
|
|
|
Initial slope I Na,S,02(R)
of R curve = | 2v2vs
2.0 mmol/liter « min '
~
32 N32503(S)
Back to
/ zero
Initial slope > i
of S curve = hmin

1.3 mmol/liter « min

Initial slope of T curve is
difficult to evaluate, but is# 0

Figure E8.3
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SOLUTION
This problem draws on a number of techniques.
(a) First, Look for Clues in the Graph. We first note that the initial slopes of

the R, S, and T curves are all nonzero, suggesting that these compounds are
formed directly from A, or

Next, since there is no S and T in the final product, our suggested reaction
scheme is

1_rS~u4
et

N @
T

(b) Evaluate the Rate Constants. Noting that A disappears by first-order kinet-
ics, we have

C 185
In 2= In g5 = (ks + ky + ket = kst = K130

from which
k123 = 0.0205 l'l’lil'l——1

From the initial rate for formation of R

dc
TtR = k,Cag
or
_dCp/dt 20 N
ky, = Co 185 0.0108 min
Similarly for S
_dCydt 13 -
k= Co 185 0.0070 min

So by difference

ky = ki3 — ky — k, = 0.0205 — 0.0108 — 0.0070 = 0.0027 min"!
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Next, let us look at the maxima of the S and T curves. For S, by an extension
of Eq. 49, we can write

CSmax kl (k123>k4/(k4_k123)
CAO k123 k4

or

32 0.0070 <0.0205>k4/(k4—0.0205)
185 0.0205\ K,
Solving for k, by trial and error gives

k, = 0.0099 min™!

Similarly for T

10 0.0027 {0.0205 \ks/(ks=0.0205)
185 0.0205\ ks

ks = 0.0163 min~!

So we end up with the following kinetic scheme

ky = 0.0070 min-!

% 5\4& ky = 0.0108 min~!
2 : — in—1

A& yR with  k; =0.0027 min (b)
T k4 = 0.0099 min-!

ks =0.0163 min!

This problem was prepared by David L. Cates (1988).
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8.1. Starting with separate feeds of reactant A and B of given concentration

(no dilution with inerts permitted), for the competitive-consecutive reac-
tions with stoichiometry and rate as shown

A+ B_>Rdesired vt
R+B—S

unwanted ~** 72

sketch the best contacting patterns for both continuous and noncontinuous
operations:

(@) r =k C,C} (b) r; =k CyCy

r, = k,CrCy r, = k,CrCy
() r; =k CpCy @ r= kICZACB
r,=k,CxCy r, = k,CrCy

8.2. Under appropriate conditions A decomposes as follows:

k;=0.1/min ky=0.1/min
R

A S

R is to be produced from 1000 liter/hr of feed in which C,, = 1 mol/liter,

Cro = Cg = 0.

(a) What size of plug flow reactor will maximize the concentration of R,
and what is that concentration in the effluent stream from this reactor?

(b) What size of mixed flow reactor will maximize the concentration of
R, and what is Cy ;,, in the effluent stream from this reactor?

Pure A (C,, = 100) is fed to a mixed flow reactor, R and S are formed,
and the following outlet concentrations are recorded. Find a kinetic scheme
to fit this data.

8.3. Run Cy Cr Cs
1 75 15 10
2 25 45 30
8.4. Run Cy Cr Cy
1 50 333 163
2 25 30 45
8.5. Run Cy Cr Cs t, min
1 50 40 10 5

2 20 40 40 20
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8.6.

8.7.

In grinding a continuous flow of pigments for paint, our company finds
that too many too-small and too many too-large particles exit from our
well-mixed grinder. A multistage grinder, approximating plug flow, could
also have been used, but wasn’t. Anyway, in either type of grinder the
pigments are progressively ground into smaller and smaller particles.

At present, the exit stream from our well-mixed grinder contains 10%
too-large (d, > 147 um); 32% just-right (d, = 38 — 147 um); and 58% too-
small (d, < 38 um) particles.

(a) Can you suggest a better grinding scheme for our present unit, and
what would it give?
(b) How about the multistage grinder? How would it do?

By “better” we mean giving more just right-sized pigment in the product
stream. Also, separation and recycle of the size cuts is not practical.

Consider the following elementary reactions:

ky
A+B—R

ky
R+B——>S

(a) One mole A and 3 moles B are rapidly mixed together. The reaction
is very slow, allowing analysis of compositions at various times. When
2.2 moles B remain unreacted, 0.2 mole S is present in the mixture.
What should be the composition of the mixture (A, B, R, and S) when
the amount of S present is 0.6 mole?

(b) One mole A is added bit by bit with constant stirring to 1 mole B.
Left overnight and then analyzed, 0.5 mole S is found. What can we
say about k,/k,?

(¢) One mole A and 1 mole B are thrown together and mixed in a flask.
The reaction is very rapid and goes to completion before any rate
measurements can be made. On analysis of the products of reaction
0.25 mole S is found to be present. What can we say about k,/k,?

8.8. The liquid phase reaction of aniline with ethanol produces wanted mono-

ethylaniline and unwanted diethylaniline

CeHNH, + GH;OH — > CH,NHC,H; + H,0
294
ky =125k,

CsH;NHCH; + C,H;OH —;[—ks%—» CeHsN(GHs), + H,O
7aadt

(a) An equimolar feed is introduced into a batch reactor, and reaction is
allowed to proceed to completion. Find the concentration of reactants
and products at the end of the run.

(b) Find the ratio of mono- to diethylaniline produced in a mixed flow
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reactor for an alcohol-to-aniline feed ratio of 2 to 1 for 70% conversion
of alcohol.

(c) Foranequimolar feed to a plug flow reactor, what will be the conversion
of the two reactants when the concentration of monoethylaniline is at
its highest?

Monoethylaniline can also be produced in the vapor phase in a fluidized
bed using natural bauxite as the solid catalyst. The elementary reactions
are shown in the previous problem. Using an equimolar feed of aniline
and ethanol, the fluidized bed produces 3 parts monoethylaniline to 2 parts
diethylaniline for a 40% conversion of aniline. Assuming mixed flow of gas
in the fluidized bed, find k,/k; and the concentration ratio of reactants and
products at the exit of the reactor.

8.10.

8.11.

Under the action of mixed enzymes reactant A is converted to products
as follows:

+ enzyme + enzyme

Ky ky ’

A I’l1=n2=1

where the rate constants are dependent on the pH of the system.

(a) What reactor set-up (plug flow, mixed flow, or staged mixed flow units)
and what uniform pH level would you use?

(b) If it were possible to change the pH level along the plug flow reactor,
or from stage to stage in mixed flow units, in what direction would
you change the pH level?

k, = pH* — 8 pH + 23 with 2 < pH < 6, and R the desired product

k= pH +1 with 2 < pH < 6, and S the desired product

8.12.

The progressive chlorination of o- and p-dichlorobenzene proceed with
second-order rate, as shown in Fig. P8.12.

_______ Desired product -~

Figure P8.12
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8.13

8.14.

8.15.

For asingle-feed stream having C,, = 2, Cgy = 1, and 1, 2, 3-trichloroben-
zene as the desired product
(a) Tell which kind of flow reactor is best.
(b) In this reactor find Cg -

See T. E. Corrigan, Chem. Eng., 201, March 1956, for discussion of this
process.

Consider the following first order decompositions with rate constants as
shown

@ A—%R Y, A2 g1,

v T

T U T U

S

If a colleague reports that Cg = 0.2 C,, in the exit stream of a plug flow
reactor,what can you say about the concentration of the other reactor
components, A, R, T, and U in the exit stream?

Chemicals A and B are thrown into a vat and react away according to the
following elementary reactions:

3, T
R
8)
2

N v

S36

What can you say about these six rate constants if an analysis of the mixture
shows that

Cr = 5 mol/liter Cy = 1 mol/liter

Cy = 9 mol/liter Cy = 3 mol/liter
at the time

(a) when reaction is incomplete?
(b) when reaction is complete?

With a particular catalyst and at a given temperature, the oxidation of
naphthalene to phthalic anhydride proceeds as follows:

A = naphthalene k;=021s71
1/_2»\5 4 R = naphthaquinone k,=020s"1

S = phthalic anhydride ~ k3 =4.25s71

T = oxidation products ~ k, =0.004 s
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What reactor type gives the maximum yield of phthalic anhydride? Roughly
estimate this yield and the fractional conversion of naphthalene which will
give this yield. Note the word “roughly”.

Sandy’s Rock and Gravel Company wants to shift a mountain of gravel,
estimated at about 20 000 tons, from one side of their yard to the other.
For this they intend to use a power shovel to fill a hopper, which in turn
feeds a belt conveyor. The latter then transports the gravel to the new
location.

The shovel scoops up large amounts of gravel at first; however, as the
gravel supply decreases, the handling capacity of the shovel also decreases
because of the increased time required to move away from the hopper for
a load and then return and dump. Roughly, then, we may estimate that
the shovel’s gravel handling rate is proportional to the size of the pile still
to be moved, its initial rate being 10 ton/min. The conveyor, on the other
hand, transports the gravel at a uniform 5 ton/min. At first the shovel will
work faster than the conveyor, then slower. Hence, the storage bin will
first accumulate material, then empty.

(a) What will be the largest amount of gravel in the bin?
(b) When will this occur?

(¢) When will the rates of bin input and output be equal?
(d) When will the bin become empty?

A large fully automated municipal incinerator is being designed. A survey
estimates the garbage load to be 1440 tons/day. This will be harvested
by a fleet of compaction trucks which will disgorge their loads into an
underground storage bin. A conveyor will then feed the garbage to the
incinerator.

The proposed daily collection route is such that at the beginning of the
working day (6 a.m. sharp!) relatively large quantities of garbage (average
of 6 tons/min) are returned from nearby commercial areas. Subsequently,
the supply will diminish as more remote suburban areas are serviced. It is
assumed that the collection rate is proportional to the amount of garbage
still to be collected, the initial rate being one truckload/min. The conveyor,
on the other hand, will transport garbage at a uniform 1 ton/min to the
incinerator. At the beginning of the working day, the trucks will work

faster than the conveyor; later in the day, slower. Thus, each day the bin

will accumulate material, then lose material.
To evaluate this operation, we need information. Please help us with this.
(a) At what time of day will the trucks have collected 95% of the day’s
garbage?
(b) How much garbage whould the storage bin be designed for?
(¢) At what time of day will the bin be fullest?
(d) At what time of day will the bin be empty?

Upper Slobbovians and Lower Slobbovians are always atit. . . , crushing
skulls, slitting throats, and so on. . . . At any gathering the rate at which
Upper Slobs are killed is directly proportional to the number of Lower
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8.19.

8.20.

8.21.

Slobs around, and vice versa. And at the end of any meeting of these
friendly people, either Upper Slobs leave or Lower Slobs, but never both.

Last week ten Upper Slobs happened upon three Lower Slobs, and when
it was over eight Upper Slobs lived to tell of their exciting victory.

(a) From this encounter, how would you rate Upper and Lower Slobs as
fighters? For example, would you say that they were equally good or
that one Upper Slob is as good as 2.3 Lower Slobs, or what?

(b) What would be the outcome of a friendly meeting of ten Upper Slobs
with ten Lower Slobs?

Chemical X, a powdered solid, is slowly and continuously fed for half an
hour into a well-stirred vat of water. The solid quickly dissolves and hydroly-
ses to Y, which then slowly decomposes to Z as follows

Y—>Z, -ry=kCy, k=15hr"!

The volume of liquid in the vat stays close to 3 m? throughout this operation,

and if no reaction of Y to Z occurred, the concentration of Y in the vat

would be 100 mol/m? at the end of the half-hour addition of X.

(a) What is the maximum concentration of Y in the vat and at what time
is this maximum reached?

(b) What is the concentration of product Z in the vat after 1 hour?

Problem prepared by Bhaskar Chandan (1990).
When oxygen is bubbled through a high-temperature batch of A-containing

liquid material, A oxidizes slowly to give a slowly decomposing intermediate
X and final product R. Here are the results of an experiment:

t, min C,, mol/m? Cg, mol/m?
0 100 0
0.1 95.8 14
25 35 26
5 12 41
7.5 4.0 52
10 1.5 60
20 negligible 80
© 0 100

We have no way of analyzing for X; however, we are safe in assuming that
at any time C, + Cg + Cx = C,y. What can we say about the mechanism
and kinetics of this oxidation? Hint: plot the data and examine the plot.

Chemical A reacts to form R (k; = 6 hr™!) and R reacts away to form S
(k, = 3 hr!). In addition R slowly decomposes to form T (k; = 1 hr!).
If a solution containing 1.0 mol/liter of A is introduced into a batch reactor,
how long would it take to reach Cg ,,, and what would be Cg,,?



Chapter 9

Temperature and Pressure
Effects

In our search for favorable conditions for reaction we have considered how
reactor type and size influence the extent of conversion and distribution of
products. The reaction temperature and pressure also influence the progress of
reactions, and it is the role of these variables that we now consider.

We follow a three-step procedure: First, we must find how equilibrium composi-
tion, rate of reaction, and product distribution are affected by changes in op-
erating temperatures and pressures. This will allow us to determine the optimum
temperature progression, and it is this that we strive to approximate with a real
design. Second, chemical reactions are usually accompanied by heat effects, and
we must know how these will change the temperature of the reacting mixture.
With this information we are able to propose a number of favorable reactor and
heat exchange systems—those which closely approach the optimum. Finally,
economic considerations will select one of these favorable systems as the best.

So, with the emphasis on finding the optimum conditions and then seeing how
best to approach them in actual design rather than determining what specific
reactors will do, let us start with discussions of single reactions and follow this
with the special considerations of multiple reactions.

9.1 SINGLE REACTIONS

With single reactions we are concerned with conversion level and reactor stability.
Questions of product distribution do not occur.

Thermodynamics gives two important pieces of information, the first being
the heat liberated or absorbed for a given extent of reaction, the second being
the maximum possible conversion. Let us briefly summarize these findings. A
justification of the expressions to follow can be found in any standard thermody-
namics texts for chemical engineers.

Heats of Reaction from Thermodynamics

The heat liberated or absorbed during reaction at temperature 7, depends on
the nature of the reacting system, the amount of material reacting, and the

207
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temperature and pressure of the reacting system, and is calculated from the heat
of reaction AH,, for the reaction in question. When this is not known, it can in
most cases be calculated from known and tabulated thermochemical data on
heats of formation AH; or heats of combustion AH, of the reacting materials.
These are tabulated at some standard temperature, T}, usually 25°C. As a brief
reminder, consider the reaction

aA—rR +sS

By convention we define the heat of reaction at temperature T as the heat
transferred to the reacting system from the surroundings when a moles of A
disappear to produce r moles of R and s moles of S with the system measured
at the same temperature and pressure before and after the change. Thus

positive, endothermic
negative, exothermic

aA—rR +sS, AH,; { )

Heats of Reaction and Temperature. The first problem is to evaluate the heat
of reaction at temperature T, knowing the heat of reaction at temperature 7.
This is found by the law of conservation of energy as follows:

heat absorbed heat added to heat absorbed heat added to
. . reactants to . . products to
during reaction | _ ) during reaction .
= change their bring them ?)
at temperature at temperature
T temperature T back to T,
2 from T, to T, ! from T
In terms of enthalpies of reactants and products this becomes
AI_Ir2 = —(HZ - Hl)reactants + AI_Irl + (H2 - Hl)products 3

where subscripts 1 and 2 refer to quantities measured at temperatures 7; and
T,, respectively. In terms of specific heats

AH,, = AH, + j f VC,dT @)
1

where
VC,=rCr +5Cps—aCyp 5)
When the molar specific heats are functions of temperatures as follows,

Con = ap + BAT + yaT?

Cpr = ag + BT + yrT? (6)

Cps = ag + BsT + ysT?
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we obtain

AH,, = AH, + J ;2 (Va + VBT + VyT?) dT
‘ o o )
= A,y + Va(T, ~ T) + -2 (T3~ 79 + L (13- 1)

where

Va = rag + sag — aoy
VﬁerR"FSBS_aBA (8)

Vy =ryr +sys — aya
Knowing the heat of reaction at any one temperature as well as the specific
heats of reactants and products in the temperature range concerned allows us

to calculate the heat of reaction at any other temperature. From this the heat
effects of the reaction can be found.

AH. AT VARIOUS TEMPERATURES

From the AH, and AH; tables, I've calculated that the standard heat of my gas-
phase reaction at 25°C is as follows:

A+B'_>2R‘ ‘ 'AHr,298K= _SOOOOJ

At 25°C the reaction is strongly exothermic. But this doesn’t interest me because
I plan to run the reaction at 1025°C. What is the AH, at that temperature, and
is the reaction still exothermic at that temperature?

Data. Between 25°C and 1025°C the average C, values for the various reaction
components are

Coa=35J/mol-K T, =45J/mol-K C,g =70J/mol-K

SOLUTION

First, prepare a reaction map as shown in Fig. E9.1. Then an enthalpy balance
for 1 mol A, 1 mol B, and 2 mol R gives

AH, = AH, + AH, + AH,
= (n-C-pAT)raciaﬁ;ts + AI_IrQS"C + (nEpAT)gl{oducts

= 1(35)(25 — 1025) + 1(45)(25 — 1025) + (=50 000) + 2(70)(1025 — 25)
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Heat the
products
AH,

Cool the
reactants @
AH,

AH, 55 = -50,000

®
Figure E9.1
or
AH, pp5:c = 10000 J
exothermic at 25°C
The reaction is
endothermic at 1025°C

Equilibrium Constants from Thermodynamics

From the second law of thermodynamics equilibrium constants, hence equilib-
rium compositions of reacting systems, may be calculated. We must remember,
however, that real systems do not necessarily achieve this conversion; therefore,
the conversions calculated from thermodynamics are only suggested attainable
values.

As a brief reminder, the standard free energy AG® for the reaction of Eq. 1

at temperature T is defined as

(FLE)

fo/r\f°/s
AG° =rG{ +sG§—aG{=—-RTIhK = —RTln——f—a—— ¢J)

(7).

where f is the fugacity of the component at equilibrium conditions; f° is the
fugacity of the component at the arbitrarily selected standard state at temperature
T, the same one used in calculating AG®; G° is the standard free energy of a
reacting component, tabulated for many compounds; and K is the thermodynamic

equilibrium constant for the reaction. Standard states at given temperature are
commonly chosen as follows:

Gases—pure component at one atmosphere, at which pressure ideal gas behav-
ior is closely approximated

Solid—pure solid component at unit pressure

Liquid—pure liquid at its vapor pressure

Solute in liquid—1 molar solution; or at such dilute concentrations that the
activity is unity.
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For convenience define
_ YRYS

aK—' sK
Yoo Y Gy

_ IR _ PRPS

K
= TP py

10)

and

An=r+s—a

Simplified forms of Eq. 9 can be obtained for various systems. For gas reactions
standard states are usually chosen at a pressure of 1 atm. At this low pressure
the deviation from ideality invariably is small; hence fugacity and pressure are
identical and f° = p° = 1 atm. Thus

K = e™C°RT = K {p° = ] atm}™¥" (11)
The term in braces in this equation and in Eq. 13 is always unity but is retained

to keep the equations dimensionally correct.
For any component i of an ideal gas

fi=p;=yim=CRT (12)
Hence
Kf = Kp
and
KP KynA" _ K (RT)*

{p° =1 atm}*" - {p°=1atmp* {p°=1atm}*
p

For a solid component taking part in a reaction, fugacity variations with pres-
sure are small and can usually be ignored. Hence

f >
o =1 14
(f ° / solid component ( )

Equilibrium Conversion. The equilibrium composition, as governed by the
equilibrium constant, changes with temperature, and from thermodynamics the
rate of change is given by

d(InK) _ AH,
dT  RI?

@s)

Onintegrating Eq. 15, we see how the equilibrium constant changes with tempera-
ture. When the heat of reaction AH, can be considered to be constant in the
temperature interval, integration yields

ln&__ﬂ(l_l>
K, R\T, T, a6)
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When the variation of AH, must be accounted for in the integration we have

ln e RJTI T ar

where AH, is given by a special form of Eq. 4 in which subscript 0 refers to the
base temperature

AH, = AH, + j : vC,dT as)
0

Replacing Eq. 18 in Eq. 17 and integrating, while using the temperature depen-
dency for C, given by Eq. 8, gives

RIn2 = Valn ——+—-(T2 )+ Y(T3 - T2)
X, 6
19)

+ (—AH,, + VaT, + VfTuV"T)(——%)
1

These expressions allow us to find the variation of the equilibrium constant,
hence, equilibrium conversion, with temperature.

The following conclusions may be drawn from thermodynamics. These are
illustrated in part by Fig. 9.1.

1. The thermodynamic equilibrium constant is unaffected by the pressure of
the system, by the presence or absence of inerts, or by the kinetics of the
reaction, but is affected by the temperature of the system.

2. Though the thermodynamic equilibrium constant is unaffected by pressure
or inerts, the equilibrium concentration of materials and equilibrium conver-
sion of reactants can be influenced by these variables.

R }__ K >> 1; approximates
= irreversible
¥ reaction

Exothermic
XAe

Endothermic K << 1; only very low

- conversions
1 > possible

0

T

Figure 9.1 Effect of temperature on equilibrium conversion as pre-
dicted by thermodynamics (pressure fixed.)
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3. K > 1 indicates that practically complete conversion may be possible and
that the reaction can be considered to be irreversible. K < 1 indicates that
reaction will not proceed to any appreciable extent.

4. For an increase in temperature, equilibrium conversion rises for endother-
mic reactions and drops for exothermic reactions.

5. For an increase in pressure in gas reactions, conversion rises when the
number of moles decreases with reaction; conversion drops when the num-
ber of moles increases with reaction.

6. A decrease in inerts for all reactions acts in the way that an increase in
pressure acts for gas reactions.

EQUILIBRIUM CONVERSION AT DIFFERENT
TEMPERATURES

(a) Between 0°C and 100°C determine the equilibrium conversion for the
elementary aqueous reaction

AGy = —14130 J/mol

C,, = C i = constant
AHS = —753003/mol ™% ™%

-

Present the results in the form of a plot of temperature versus conversion.

(b) What restrictions should be placed on the reactor operating isothermally
if we are to obtain a conversion of 75% or higher?

SOLUTION

(a) With all specific heats alike, VC, = 0. Then from Eq. 4 the heat of reaction
is independent of temperature and is given by

AH, = AH, s = —75 300 J/mol (i)
From Eq. 9 the equilibrium constant at 25°C is given by
Ky = exp(—AG3s/RT)

_ 14130 J/mol _ o
- eXp<(8.314 J/mol-K) (298K)> =300 (&)

Since the heat of reaction does not change with temperature, the equilibrium
constant K at any temperature T is now found from Eq. 16. Thus

K AH,<1 1)

Kyy  8314\T 298
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Rearranging gives

-AH, (1 1
K= Ko TR~ \77 298

Replacing K,q and AH, from Egs. (i) and (ii) gives on rearranging,

K= exp[zsRiTOQ - 24.7]

But at equilibrium

ko Cr__ CaoXae _ X
Ca Cal=Xy) 1-X,,
or
K
Yo=K+

(iii)

(iv)

Putting 7 values into Eq. (iii), then K into Eq. (iv), as shown in Table E9.2
gives the changing equilibrium conversion as a function of temperature in the

range of 0°C to 100°C. This result is displayed in Fig. E9.2.

(b) From the graph we see that the temperature must stay below 78°C if

conversion of 75% or higher may be expected.

Table E9.2 Calculating X.(7) from Egs. (iii) and (iv)

Selected Temperature K = exp [%2;9_0 - 24-7] X
°C K from Eq. (iii) from Eq. (iv)
5 278 2700 0.999+
15 288 860 0.999
25 298 300 0.993
35 308 110 0.991
45 318 442 0.978
55 328 18.4 0.949
65 338 8.17 0.892
75 348 3.79 0.791
85 358 1.84 0.648

95 368 0.923 0.480




9.1 Single Reactions 215

0 | | | x | |
0 20 40 60 80 100 120 140

Temperature, °C

Figure E9.2

General Graphical Design Procedure

Temperature, composition, and reaction rate are uniquely related for any single
homogeneous reaction, and this may be represented graphically in one of three
ways, as shown in Fig. 9.2. The first of these, the composition-temperature plot,
is the most convenient so we will use it throughout to represent data, to calculate
reactor sizes, and to compare design alternatives.

For a given feed (fixed Cyg, Cg, . . .) and using conversion of key component
as a measure of the composition and extent of reaction, the X, versus T plot
has the general shape shown in Fig. 9.3. This plot can be prepared either from
a thermodynamically consistent rate expression for the reaction (the rate must
be zero at equilibrium) or by interpolating from a given set of kinetic data in
conjunction with thermodynamic information on the equilibrium. Naturally, the
reliability of all the calculations and predictions that follow are directly dependent
on the accuracy of this chart. Hence, it is imperative to obtain good kinetic data
to construct this chart.

1\
51

r3
C3 T,
r2
,
1 /\Cl

T T Composition, C

T3

4
/

Figure 9.2 Different ways of representing the relationship of temperature, composition,
and rate for a single homogeneous reaction.
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Irreversible

l Reversible exothermic I

= —- Equilibrium,

I Reversible endothermic

! Equilibrium,

r=0

Xn
r=1
0 10 100 r=1 {10 {100

T T T

Figure 9.3 General shape of the temperature—conversion plot for different reaction types.

The size of reactor required for a given duty and for a given temperature
progression is found as follows:

1. Draw the reaction path on the X, versus T plot. This is the operating line
for the operation.
2. Find the rates at various X, along this path.

1.0+
0.8 B Along path AB
-rp =0.01 Plug flow,

Xa 0.02 arbitrary

0.5 temperature

0.05 :
03k profile
A —
T

0.8 D

X
A Recycle flow,
0.4+ ¢ 0.05 R=1
7 lo.02
Ve
Lo A= 0.01
)
ﬂ Operating
[ point E

0.8 100

& L
i VIFo Mixed flow
7/
T: 0.7 1

Xp

Figure 9.4 Finding the reactor size for different types of flow and for a feed temperature 7.
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3. Plot the 1/(—r,4) versus X, curve for this path.
4. Find the area under this curve. This gives V/F .

For exothermic reactions we illustrate this procedure in Fig. 9.4 for three paths:
path AB for plug flow with an arbitrary temperature profile, path CD for noniso-
thermal plug flow with 50% recycle, and point E for mixed flow. Note that for
mixed flow the operating line reduces to a single point.

This procedure is quite general, applicable for any kinetics, any temperature
progression, and any reactor type or any series of reactors. So, once the operating
line is known, the reactor size can be found.

CONSTRUCTION OF THE RATE-CONVERSION-
TEMPERATURE CHART FROM KINETIC DATA

With the system of Example 9.2 and starting with an R-free solution, kinetic
experiments in a batch reactor give 58.1% conversion in 1 min at 65°C, 60%
conversion in 10 min at 25°C. Assuming reversible first-order kinetics, find the
rate expression for this reaction and prepare the conversion-temperature chart
with reaction rate as parameter.

SOLUTION

Integrate the Performance Equation. For a reversible first-order reaction, the
performance equation for a batch reactor is

o rdX, dX, 1 (x. dX,
t=Cuo —— CAOfkch “kCy Kk fo 1= X, /Xn

According to Eq. 3.54 this integrates to give
(o) ®

Calculate the Forward Rate Constant. From the batch run at 65°C, noting
from Example 9.2 that X,, = 0.89, we find with Eq. (i)

ki (1 min) _ O (1 B 0.581)
0.89 0.89

or
ky 335 = 0.942 min™! (i)

Similarly, for the batch run at 25°C we find

kl,zgg = 0.0909 min™! (iii)
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Assuming an Arrhenius temperature dependency, the ratio of forward rate con-
stants at these two temperatures gives

kisg 0942 kjpe BRED .
kl,298 7 0.0909 kloe—El/R(29s) iy

from which the activation energy of the forward reaction can be evaluated, giving
E, = 48900 J/mol

Note that there are two activation energies for this reaction, one for the forward
reaction, another for the reverse.

Now for the complete rate constant for the forward reaction. From either
the numerator or the denominator of Eq. (iv) first evaluate k,,, then use it as
shown below:

—48 900 48 900
= 6 -
k,=34X%x10 exp[ RT ] [17 34 RT ]
. k; k, .
Noting that K = T thus k, = T where K is given by Eq. (iii) of Example 9.2,
2

we can find the value of k,.

Summary. For the reversible first-order reaction of Example 9.2 we have

! CRe
AZ2R; K=C 3 —ra=rrR=kC, — k,Cx
2 Ae

[ 75 300

Equilibrium: K =exp RT

- 24.7]

Rate constants: k; = exp 17.34 — @%’9]’ min~!

-
k, = exp | 42.04 — 124 200}, min~!

RT

From these values the X, versus T chart for any specific C,, can be prepared
and for this purpose the electronic computer is a great timesaver. Figure E9.3
is such a plot prepared for C,, = 1 mol/liter and Cy, = 0.

Since we are dealing with first-order reactions this plot can be used for any
Cy value by properly relabeling the rate curves. Thus, for C,, = 10 mol/liter
simply multiply all the rate values on this graph by a factor of 10.
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Figure E9.3

Optimum Temperature Progression

We define the optimum temperature progression to be that progression which
minimizes V/F,, for a given conversion of reactant. This optimum may be an
isothermal or it may be a changing temperature: in time for a batch reactor,
along the length of a plug flow reactor, or from stage to stage for a series of
mixed flow reactors. It is important to know this progression because it is the
ideal which we try to approach with a real system. It also allows us to estimate
how far any real system departs from this ideal.

The optimum temperature progression in any type of reactor is as follows: At
any composition, it will always be at the temperature where the rate is a maximum.
The locus of maximum rates is found by examining the »(7, C) curves of Fig.
9.4; Fig. 9.5 shows this progression.

For irreversible reactions, the rate always increases with temperature at any
composition, so the highest rate occurs at the highest allowable temperature. This
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Xp

) Reversible Reversible
Irreversible endothermic exothermic
| | \ Locus of
— [ I ) maximum
| | Best path, ratc;s;tgest
Best path, isothermal
isothermal |
| |
| |
| |
| N >
Tmax, allowable Tmax, allowable Tmax, allowable
T T T

Figure 9.5 Operating lines for minimum reactor size.

temperature is set by the materials of construction or by the possible increasing
importance of side reactions.

For endothermic reactions a rise in temperature increases both the equilibrium
conversion and the rate of reaction. Thus, as with irreversible reactions, the
highest allowable temperature should be used.

For exothermic reversible reactions the situation is different, for here two
opposing factors are at work when the temperature is raised—the rate of forward
reaction speeds up but the maximum attainable conversion decreases. Thus, in
general, a reversible exothermic reaction starts at a high temperature which
decreases as conversion rises. Figure 9.5 shows this progression, and its precise
values are found by connecting the maxima of the different rate curves. We call
this line the locus of maximum rates.

Heat Effects

When the heat absorbed or released by reaction can markedly change the temper-
ature of the reacting fluid, this factor must be accounted for in design. Thus we
need to use both the material and energy balance expressions, Egs. 4.1 and 4.2,
rather than the material balance alone, which was the starting point of all the
analyses of isothermal operations of Chapters 5 through 8.

First of all, if the reaction is exothermic and if heat transfer is unable to remove
all of the liberated heat, then the temperature of the reacting fluid will rise as
conversion rises. By similar arguments, for endothermic reactions the fluid cools
as conversion rises. Let us relate this temperature change with extent of con-
version.

We start with adiabatic operations, later extending the treatment to account
for heat interchange with the surroundings.

Adiabatic Operations

Consider either a mixed flow reactor, a plug flow reactor, or a section of plug
flow reactor, in which the conversion is X, as shown in Fig. 9.6. In Chapters 5
and 6 one component, usually the limiting reactant, was selected as the basis for
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Xpo=0,T, Heat released or absorbed Plug flow or section of
during reaction plug flow reactor

—_——

Cro=0,T; X" Xp Ty

X T2 i S s

Insulated,
adiabatic operations

Figure 9.6 Adiabatic operations with large enough heat effect to cause a
rise in temperature (exothermic) or drop in temperature (endothermic) in
the reacting fluid.
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all material balance calculations. The same procedure is used here, with limiting

reactant A taken as the basis. Let
Subscripts 1, 2 refer to temperatures of entering and leaving streams.

C,, C; = Mean specific heat of unreacted feed stream and of completely

converted product stream per mole of entering reactant A.

H', H" = enthalpy of unreacted feed stream and of completely converted

product stream per mole of entering reactant A.

AH, = heat of reaction per mole of entering reacting A, and at tempera-

ture T

With T; as the reference temperature on which enthalpies and heats of reaction

are based we have
Enthalpy of entering feed:

H; = C, (T, — T}) = 0J/mol A
Enthalpy of leaving stream:
H; X, + Hy(1 — X)) = Gy (T, — T)) X, + C(T, — T1)(1 — X,) J/mol A
Energy absorbed by reaction:
AH, X, J/mol A
Replacing these quantities in the energy balance,
input = output + accumulation + disappearance by reaction

we obtain at steady state

0=[Co(T, — T) Xs + Cy (T, — T)(1 — XQ)] + AH, X,

4.2)

(20
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By rearranging,

C,(T,— T) CAT

XA—

or, with Eq. 18

heat needed to raise
_ CAT | feedstreamto T,

A7 —AH, | heatreleased by
reaction at 7,

which for complete conversion becomes

—AH,, = CAT, for X, =1

~AH, = (G~ C)(T,~T)) ~AH, —(C;~ CpAT

21

(22

(23)

The latter form of the equation simply states that the heat released by reaction

just balances the heat necessary to raise the reactants from 7 to 7,.

The relation between temperature and conversion, as given by the energy
balances of Eq. 21 or 22, is shown in Fig. 9.7. The resulting lines are straight for
all practical purposes since the variation of the denominator term of these equa-

Complete conversion

/ of limiting reactant
] ey

Endothermic Isothermal
reaction, conditions

AH, >0 Exothermic reaction,
AH, <0

Increase
in inerts

Increase
in inerts

Decrease
in inerts Decrease

in inerts

T, = temperature of feed
T
Figure 9.7 Graphical representation of energy balance equa-

tion for adiabatic operation. These are adiabatic operating
lines.
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tions is relatively small. When Cj — C, = 0, the heat of reaction is independent
of temperature and Eqgs. 21 and 22 reduce to

_ CAT
AT —AH,

29

which are straight lines in Fig. 9.7.

This figure illustrates the shape of the energy balance curve for both endother-
mic and exothermic reactions for both mixed flow and plug flow reactors. This
representation shows that whatever is the conversion at any point in the reactor,
the temperature is at its corresponding value on the curve. For plug flow the
fluid in the reactor moves progressively along the curve, for mixed flow the fluid
immediately jumps to its final value on the curve. These are the adiabatic operating
lines for the reactor. With increased inerts C, rises, and these curves become
more closely vertical. A vertical line indicates that temperature is unchanged as
reaction proceeds. This then is the special case of isothermal reactions treated
in Chapters 5 through 7.

The size of reactor needed for a given duty is found as follows. For plug flow
tabulate the rate for various X, along this adiabatic operating line, prepare the
1/(—r,) versus X, plot and integrate. For mixed flow simply use the rate at the
conditions within the reactor. Figure 9.8 illustrates this procedure.

The best adiabatic operations of a single plug flow reactor are found by shifting
the operating line (changing the inlet temperature) to where the rates have the
highest mean value. For endothermic operations this means starting at the highest
allowable temperature. For exothermic reactions this means straddling the locus
of maximum rates as shown in Fig. 9.9. A few trials will locate the best inlet
temperature, that which minimizes V/F,; For mixed flow the reactor should
operate on the locus of maximum rates, again shown in Fig. 9.9.

The best reactor type, that which minimizes V/F,, is found directly from this
X, versus T graph. If the rate progressively decreases with conversion, then use
plug flow. This is the case for endothermic reactions (Fig. 9.8a) and close to
isothermal exothermic reactions. For exothermic reactions that have a large
temperature rise during reaction, the rate rises from a very low value to a
maximum at some intermediate X, then falls. This behavior is characteristic of
autocatalytic reactions, thus recycle operations are best. Figure 9.10 illustrates
two situations, one where plug flow is best, the other where large recycle or
mixed flow is best. The slope of the operating line, C,/—AH,, will determine
which case one has at hand. Thus

1. for small C;/—AH, (pure gaseous reactants) mixed flow is best.
2. for large C,/—AH, (gas with much inerts, or liquid systems) plug flow is best.

Nonadiabatic Operations

For the adiabatic operating line of Fig. 9.7 to more closely approach the ideals
of Fig. 9.5, we may want deliberately to introduce or remove heat from the
reactor. In addition, there are heat losses to the surroundings to account for.
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Figure 9.8 Finding reactor size for adiabatic operations of plug flow and mixed
flow reactors.

Locus of maximum rates

— XA desired
Plug
flow

ToT{ Ty

Ty T{ Ty g
—~ —~~
Too low T Too high

— ~~
Too low T Too high
Correct inlet Correct inlet
temperature temperature
Figure 9.9 Best location for the adiabatic operating line. For plug flow, a trial
and error search is needed to find this line; for mixed flow, no search is needed.
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Operating line:
slope =

Pure or rich gas
Cp/(-AH,)

Xa With small slope \

use mixed or -
large recycle flovN////’
- Liquid or
- dilute gas

Very low With large slope the rate'
rates here continually decreases,
T use plug flow

Figure 9.10 For exothermic reactions mixed flow is best where the temperature rise
is large; plug flow is best for close to isothermal systems.

Let us see how these forms of heat interchange modify the shape of the adiabatic
operating line.

Let Q be the total heat added to a reactor per mole of entering reactant A,
and let this heat also include the losses to the surroundings. Then Eq. 20, the
energy balance about the system, is modified to

Q=CyT,—T) X5+ C(T, — T))(1 — Xa) + AH,; X,
which on rearrangement and with Eq. 18 gives

net heat still needed after heat

_CGAT-Q | transfertoraise feedto T,

X, = = 25
A~ —AH, heat released by reaction at 7, 25)

and for Cj = C,, which often is a reasonable approximation

_CAT-0
AT _AH

r

(26)

With heat input proportional to AT = T, — T; the energy balance line rotates
about T;. This change is shown in Fig. 9.11. Other modes of heat addition or
removal yield corresponding shifts in the energy balance line.

Using this modified operating line, the procedure for finding the reactor size
and optimum operations follows directly from the discussion on adiabatic opera-
tions.

Comments and Extensions

Adiabatic operations of an exothermic reaction give a rising temperature with
conversion. However, the desired progression is one of falling temperature. Thus,
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10— ————— ——
Energy balance line for
adiabatic operations

Heat removal
proportional to
T-T

-

”
PR Heat addition
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T, -T;

3
-

T, = temperature of feed
T

Figure 9.11 Sketch of the energy balance equation show-
ing the shift in adiabatic line caused by heat exchange
with surroundings.

very drastic heat removal may be needed to make the operating line approach
the ideal, and many schemes may be proposed to do this. As an example, we
may have heat exchange with the incoming fluid (see Fig. 9.124a), a case treated
by van Heerden (1953, 1958). Another alternative is to have multistage operations
with interstage cooling between adiabatic sections (see Fig. 9.12b). In general
multistaging is used when it is impractical to effect the necessary heat exchange
within the reactor itself. This is usually the case with gas-phase reactions with
their relatively poor heat transfer characteristics. For endothermic reactions,
multistaging with reheat between stages is commonly used to keep the tempera-
ture from dropping too low (see Fig. 9.12c¢).

Since the main use of these and many other forms of multistage operations is
with solid catalyzed gas-phase reactions we discuss these operations in Chapter
19. Design for homogeneous reactions parallels that for catalytic reactions, so
the reader is referred to Chapter 19 for the development.

Exothermic Reactions in Mixed Flow Reactors—A Special Problem

For exothermic reactions in mixed flow (or close to mixed flow) an interesting
situation may develop in that more than one reactor composition may satisfy
the governing material and energy balance equations. This means that we may
not know which conversion level to expect. van Heerden (1953, 1958) was the
first to treat this problem. Let us examine it.

First, consider reactant fluid fed at a given rate (fixed 7 or V/F,,) to a mixed
flow reactor. At each reactor temperature there will be some particular conver-
sion which satisfies the material balance equation, Eq. 5.11. At low temperature
the rate is low so this conversion is low. At higher temperature the conversion
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Figure 9.12 Ways of approaching the ideal temperature profile with heat exchange: (a)
and (b) exothermic reaction; (c) endothermic reaction.

Furnace

Distance

rises and approaches the equilibrium. At a still higher temperature we enter the
region of falling equilibrium so the conversion for given 7will likewise fall. Figure
9.13 illustrates this behavior for different 7 values. Note that these lines do not
represent an operating line or a reaction path. Actually any point on these
curves represents a particular solution of the material balance equations; thus,
it represents an operating point for the mixed flow reactor.

Now, for a given feed temperature 7 the intersection of the energy balance
line with the S-shaped material balance line for the operating 7 gives the condi-
tions within the reactor. Here three cases may be distinguished. These are shown
in Fig. 9.14 for irreversible reactions.

First, the energy balance line 7;A represents the situation where insufficient
heat is liberated by reaction to raise the temperature to a high enough level for
the reaction to be self-sustaining. Hence, conversion is negligible. At the other
extreme, if we have more than enough heat liberated, the fluid will be hot and
conversion essentially complete. This is shown as line 7B. Finally, line 7,C
indicates an intermediate situation which has three solutions to the material and
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Locus of operating
1 points for this 7 —\

Xp

|rrever;ible in Reversible in

this T range this T range
Figure 9.13 Conversion in a mixed flow reactor as a function of T and 7; from
the material balance equation, Eq. 5.11.

energy balance equations, points M’, M”, and M"”. However, point M" is an
unstable state because with a small rise in temperature the heat produced (with
the rapidly rising material balance curve) is greater than the heat consumed by
the reacting mixture (energy balance curve). The excess heat produced will make
the temperature rise until M" is reached. By similar reasoning, if the temperature
drops slightly below M” it will continue to drop until M’ is reached. Thus, we
look upon M” as the ignition point. If the mixture can be raised above this
temperature, then the reaction will be self-sustaining.

For reversible exothermic reactions the same three cases occur, as shown in
Fig. 9.15. However, it can be seen that here there is an optimum operating
temperature for the given 7 value where conversion is maximized. Above or
below this temperature the conversion drops; thus, proper control of heat removal
is essential.

The type of behavior described here occurs in systems where the slope of the
energy balance line, C,/—AH,, is small; thus, large liberation of heat and pure
reactants which leads to far from isothermal operations. van Heerden (1953,
1958) discusses and gives examples of this type of reacting system. In addition,
though it is a much more complex situation, a gas flame illustrates well the

Practically
complete
conversion

Negligible
X, | extent of
reaction

Material
balance

M", point of ignition
Different P unstablg
energy

|
balances :

|
Ty T;  lgnition
T

Figure 9.14 Three types of solutions to the energy and material balances for
exothermic irreversible reactions.
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Energy balance —\

Optimum point of
intersection of energy and
material balance curves

10pF————————— —_——
Equilibrium

Material balance
Temperature too
high, conversion

X,
A Not enought lowered
heat p’roduced
!

/ - Too much heat

produced, not

enough inerts
0 >

T, = feed temperature
T

Figure 9.15 Solution of energy and material balances for reversible
exothermic reaction. '

multiple solutions discussed here: the unreacted state, the reacted state, and the
ignition point.

Reactor dynamics, stability, and start-up procedures are particularly important
for auto-induced reactions such as these. For example, a small change in feed
rate (7 value), feed composition or temperature, or heat transfer rate may cause
the reactor output to jump from one operating point to the other.

PERFORMANCE FOR THE OPTIMAL
TEMPERATURE PROGRESSION

Using the optimal temperature progression in a plug flow reactor for the reaction
of Examples 9.2 and 9.3,

(a) calculate the space time and volume needed for 80% conversion of a feed
of F,y, = 1000 mol/min where C,, = 4 mol/liter.
(b) plot the temperature and conversion profile along the length of the reactor.

Let the maximum allowable operating temperature be 95°C.
Note that Fig. E9.3 was prepared for C,, = 1 mol/liter, not 4 mol/liter.

SOLUTION

(a) Minimum Space-Time. On the conversion-temperature graph (Fig. E9.3)
draw the locus of maximum rates. Then, remembering the temperature restric-
tion, draw the optimum path for this system (line ABCDE in Fig E9.4a) and
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1.0 I I 25+ Path ABCDE from

]
N Equilibrium Fig.E4a or E3
Optimum _/\\\
0.8 [—- progression

201

0.8
Total area =j @ =0.405 [’
A 4

06 —ra =04 1.5~ 0
X, 1
(~ra)
0.4} 1o
10% of area
reaches
0.2 0.5 this point
Feed, 25°C
0 | f | | LA 2 (s I
0 20 40 60 80 : 100 0 0.2 0.4 0.6 0.8
Temperature, °C Trax = 95°C Xa
(@ ®)
Figure E9.4a

Figure E9.4b

integrate graphically along this path to obtain

T 1% 08 ax, ( shaded area ) . .
— === = . = (0.405 liter/mol - min
CAO F A0 J’O ( -r A)optimum path ABCDE of Flg E9.4b

Therefore

7= Cy (area) = (4 mol/liter) (0.405 liter - min/mol) = 1.62 min

and
V = F,, (area) = (1000 mol/min) (0.405 liter - min/mol) = 405 liters

(b) T and X, Profiles Through the Reactor. Let us take 10% increments
through the reactor by taking 10% increments in area under the curve of Fig.
E9.4b. This procedure gives X, = 0.34 at the 10% point, X, = 0.485 at the 20%
point, etc. The corresponding temperatures are then 362 K at X, = 0.34 (point
C), 354 K at X, = 0.485 (point D), etc.

In addition we note that the temperature starts at 95°C, and at X, = 0.27
(point B) it drops. Measuring areas in Fig. E9.4b we see that this happens after
the fluid has passed 7% of the distance through the reactor.

In this manner the temperature and conversion profiles are found. The result
is shown in Fig. E9.4c.
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0.8~ 100

Conversion

Temperature

0.2 70

0 20%  40%  60%  80%  100%
Distance through reactor —>~

Figure E9.4¢

OPTIMUM MIXED FLOW REACTOR PERFORMANCE

A concentrated aqueous A-solution of the previous examples (C,, = 4 mol/liter,
F,, = 1000 mol/min) is to be 80% converted in a mixed flow reactor.

(a) What size of reactor is needed?
(b) What is the heat duty if feed enters at 25°C and product is to be withdrawn
at this temperature?

Note that

C.= 1000cal 1kg 1liter —9 cal
PA" kg-K 1liter 4mol A mol A-K

SOLUTION

(a) Reactor Volume. For C,, = 4 mol/liter we may use the X, versus 7 chart
of Fig. E9.3 as long as we multiply all rate values on this chart by 4.

Following Fig. 9.9 the mixed flow operating point should be located where
the locus of optima intersects the 80% conversion line (point C on Fig. E9.5a).
Here the reaction rate has the value

—r, = 0.4 mol A converted/min - liter

From the performance equation for mixed flow reactors, Eq. 5.11, the volume
required is given by

FaoXa _ (1000 mol/min) (0.80)
(=ra) 0.4 mol/min - liter

V= = 2000 liters
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Figure E9.54

(b) Heat Duty. Of course we can use joules in our calculations; however, since
we are dealing with aqueous solutions it is simpler to use calories. Let us use
calories. Then the slope of the energy balance line is

C, _ (250cal/mol A-K) _ 1
—AH,  18000cal/molA) 72

slope = K™

Drawing this line through point C (line BCD) we see that the feed must be
cooled 20° (from point A to point B) before it enters and reacts adiabatically.
Also, the product must be cooled 37°C (from point C to point E). Thus the heat
duty is

Precooler: Q5 = (250 cal/mol A - K)(20 K) = 5000 cal/mol A fed
= (5000 cal/mol A)(1000 molA/min) = 5000 000 cal/min
= 348.7kW
Postcooler: Qg = (250)(37) = 9250 cal/mol A fed
= (9250)(1000) = 9250 000 cal/min
= 645.0 kW

Figure E9.5b shows two reasonable arrangements for the coolers.
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Qout = 645 KW

Qout = 349 KW Qout = 645 KW Qout = 349 KW
Figure E9.50

ADIABATIC PLUG FLOW REACTOR PERFORMANCE

Find the size of adiabatic plug flow reactor to react the feed of Example 9.5 (F,,
= 1000 mol/min and C,, = 4 mol/liter) to 80% conversion.

SOLUTION

Following the procedure of Fig. 9.9 draw trial operating lines (see Fig. E9.6a)
with a slope of % (from Example 9.5), and for each evaluate the integral

J'o.s ax,

0 —I‘A

to find which is smallest. Figures E9.6a and b show this procedure for lines AB
and CD. Line CD has the smaller area, is in fact closer to the minimum, and is

Note: These rates are 4 times A

those shown in Fig. E3
1.0 \

0.8_— —A 5

For operating line AB

For operating line CD
Area under curve CD

0.8
X,
=J DA 172
0

-rp=0.04 0.2
0.6 _/A . 4 TA
Xa Cra) 3
0.4
Adiabatic 2
0.2 operating lines _
’ Slope = 1/72 1
ol_A l | L A 0
o /%20 40 60 80 100 0 02 04 06 08
16 Temperature, °C Xa

Figure E9.6



234  Chapter 9 Temperature and Pressure Effects

therefore the desired adiabatic operating line. So

X
V="F, Jm —A = F,, (area under curve CD)
= 0 —ry
= (1000 mol/min)(1.72 liter - min/mol)
= 1720 liters

This volume is somewhat smaller than the volume of mixed flow reactor (from
Example 9.5) but it is still four times as large as the minimum possible (405
liters, from Example 9.4).

Regarding temperatures: Figure E6a shows that the feed must first be cooled
to 16.0°C, it then passes through the adiabatic reactor and leaves at 73.6°C and
80% conversion.

ADIABATIC PLUG FLOW REACTOR WITH RECYCLE

Repeat Example 9.6 but now allow recycle to product stream.
SOLUTION

For operating line CD of Example 9.6 we find an optimum recycle area, shown
in Fig. E9.7 as rectangle EFGH.
Area = (0.8 — 0)(15 liter - min/mol) = 1.2 liter - min/mol

V = F,, (area) = (1000 mol/min)(1.2 liter/mol - min) = 1200 liter

/ Equal areas

Figure E9.7
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To summarize the results of these four examples, all of which are performing
the same duty with the same feed

for the plug flow with optimal T progression V = 405 liter (Example 4)
for the mixed flow reactor V' = 2000 liter (Example 5)
for the adiabatic plug flow reactor V = 1720 liter (Example 6)
for the adiabatic recycle reactor V = 1200 liter (Example 7)

9.2 MULTIPLE REACTIONS

As pointed out in the introduction to Chapter 7, in multiple reactions both
reactor size and product distribution are influenced by the processing conditions.
Since the problems of reactor size are no different in principle than those for
single reactions and are usually less important than the problems connected with
obtaining the desired product material, let us concentrate on the latter problem.
Thus, we examine how to manipulate the temperature so as to obtain, first, a
desirable product distribution, and second, the maximum production of desired
product in a reactor with given space-time.

In our development we ignore the effect of concentration level by assuming
that the competing reactions are all of the same order. This effect is studied in
Chapter 7.

Product Distribution and Temperature

If two competing steps in multiple reactions have rate constants k; and k,, then
the relative rates of these steps are given by

~E/RT
]& _ ke MR kg

= = o(E;~E)RT o o(E;~E)RT 27
ky ke ®RT Ky

This ratio changes with temperature depending on whether E, is greater or
smaller than E,, so

ki/k,increases if E; > E,
when T rises
ki/k, decreases if E; < E,

Thus the reaction with larger activation energy is the more temperature-sensitive
of the two reactions. This finding leads to the following general rule on the
influence of temperature on the relative rates of competing reactions:

A high temperature favors the reaction of higher activation energy,
a low temperature favors the reaction of lower activation energy.
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Let us apply this rule to find the proper temperature of operations for various
types of multiple reactions.
For parallel reactions

Rdesired
A

N
S

unwanted

Step 1 is to be promoted, step 2 depressed, so k/k, is to be made as large as
possible. Thus, from the above rule

if E; > E,use high T
: (28)
ifE, <E,uselow T
For reactions in series
A _1) Rdesired _2> S (29)
the production of R is favored if k,/k, is increased. Thus
if E; > E,usehigh T
1 2 30)

ifE, <E,uselow T

For the general series-parallel reaction we introduce two additional considera-
tions. First of all for parallel steps if one requirement is for a high temperature
and another is for a low temperature, then a particular intermediate temperature
is best in that it gives the most favorable product distribution. As an example,
consider the reactions

1 Rdesired

A%» S where E; > E,, E| <Ej @31
3

T

Now, E, > E, requires a high 7, E; < E; requires a low 7, and it can be shown
that the most favorable product distribution is obtained when the temperature
satisfies the following condition

-E k
1 R 1 [Es 1_&] (32)

n
El - Ez kzo
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Second, for steps in series if an early step needs a high temperature and a later
step needs a low temperature, then a falling progression of temperatures should
be used. Analogous arguments hold for other progressions.

The problems at the end of this chapter verify some of the qualitative findings
on T, and also show some possible extension.

Comments

This discussion of multiple reactions shows that the relative size of the activation
energies will tell which temperature level or progression is favored, just as Chap-
ter 7 showed what concentration level or progression and what state of mixing
is best. Although the general pattern of low, high, falling, or rising temperature
can usually be determined without much difficulty, calculation of the optimum
is not easy.

In experimentation we usually meet with the inverse of the situation outlined
here in that we observe product distributions from experiment, and from this
we wish to find the stoichiometry, kinetics, and the most favorable operating
conditions. The generalizations of this chapter should be helpful in this induc-
tive search.

Finally, when the reactions are of different order and of different activation
energies, we must combine the methods of Chapters. 7, 8, and 9. Jackson et al.
(1971) treat a particular system of this type and find that the optimum policy
requires adjusting only one of the two factors, temperature or concentration,
while keeping the other at its extreme. Which factor to adjust depends on whether
the change in product distribution is more temperature dependent or concentra-
tion dependent. It would be interesting to know whether this finding represents
a general conclusion.

REFERENCES

Jackson, R., Obando, R., and Senior, M. G., Chem. Eng. Sci., 26, 853 (1971).
van Heerden, C., Ind. Eng. Chem., 45, 1242 (1953).
van Heerden, C., Chem. Eng. Sci., 8, 133 (1958).

PROBLEMS

Examples 9.4 through 9.7 illustrate the approach to problems dealing with noniso-
thermal reactors. Chapter 19 extends this approach to multistage operations of
solid catalyzed reactions.

To reinforce these concepts, Problems 9.1 through 9.9 ask the reader to redo
these examples with one or more changes. In many of these problems there is
no need to redo the whole problem, just indicate where changes are needed in
text and graphs.
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9.1.

9.2.

9.3

.

9.4.

9.5.

9.6.

9.7.

9.8.

9.9.

9.10.

For the reaction system of Example 9.4

(a) find rneeded for 60% conversion of reactant using the optimal tempera-
ture progression in the plug flow reactor.

(b) also find the exit temperature of fluid from the reactor.

Use whatever information you need from Example 9.4.

For the mixed flow reactor system of Example 9.5, we wish to get 70%
conversion in the smallest size of reactor. Sketch your recommended system
and on it indicate the temperature of the flowing stream entering and
leaving the reactor as well as 7, the space time needed.

For the optimum temperature progression in a plug flow reactor in Example
9.4 (Cyo = 4 mol/liter, Fn, = 1000 mol A/min, X, = 0.8, Ty, = 5°C, T
= 95°C) and feed and product both at 25°C, how much heating and cooling
would be needed

(a) for the feed stream?

(b) in the reactor itself?

(c) for the stream leaving the reactor?

We plan to run the reaction of Example 9.4 (C,, = 4 mol/liter, F,, = 1000
mol/min) in a plug flow reactor kept at 40°C throughout to 90% conversion.
Find the volume of reactor needed.

Redo Example 9.4)

Redo Example 9.5| where C,, = 4 mol/liter is replaced by C,, =1
mol/liter, and

Redo Example 9.6

xampie where F,, remains unchanged at 1000 mol A/min.
Redo Example 9.7J
We wish to run the reaction of Example 9.4 in a mixed flow reactor to

95% conversion for a feed concentration C,, = 10 mol/liter and feed rate
of v = 100 liter/min. What size of reactor would we need?

Qualitatively find the optimum temperature progression to maximize Cg
for the reaction scheme

1 3, 5
AR Sdesired _: T

NN
U Vv

Data: E, = 10, E, = 25, E, = 15, E, = 10, E5 = 20, Eg = 25
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9.11. The first-order reactions

9.12.

kl — 109 e—6000/ T

3
AT R4—> Sdesired ky= 107—4000/T
\ \ ky = 103¢9000T

k4 = 1012¢-12,000/T

are to be run in two mixed flow reactors in series anywhere between 10
and 90°C. If the reactors may be kept at different temperatures, what
should these temperatures be for maximum fractional yield of S? Find this
fractional yield.

The reversible first-order gas reaction

1
A<—2_>R

is to be carried out in a mixed flow reactor. For operations at 300 K the
volume of reactor required is 100 liters for 60% conversion of A. What
should be the volume of the reactor for the same feed rate and conversion
but with operations at 400 K?
Data: k; = 10° exp [—2416/T)

AC,=Cr—=Cpu=0

AH, = —8000 cal/mol at 300 K

K =10 at 300 K

Feed consists of pure A

Total pressure stays constant




Chapter 10

Choosing the Right Kind
of Reactor

So far we have concentrated on homogeneous reactions in ideal reactors. The
reason is two-fold; because this is the simplest of systems to analyze and is the
easiest to understand and master; also because the rules for good reactor behavior
for homogeneous systems can often be applied directly to heterogeneous systems.

The important lessons learned in the first nine chapters of this book should
guide us right away, or with a very minimum of calculations, to the optimum
reactor system. Previously we have come up with six general rules. Let us present
them and then practice using them.

Rule 1. For Single Reactions

To minimize the reactor volume, keep the concentration as high as possible
for a reactant whose order is n > 0. For components where n < 0 keep the
concentration low.

Rule 2. For Reactions in Series

Consider reactions in series, as shown:
A—->R—>S— - Y—>Z

To maximize any intermediate, do not mix fluids that have different concentra-
tions of the active ingredients—reactant or intermediates. See Fig. 10.1.

Rule 3. For Parallel Reactions

Consider the parallel reactions with reaction orders n;

R, .

y desired ny - low order
A2 g n, - intermediate
Q‘ ns - high order

T

240
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=

Recycle
Cro [~ Cro [~ This fresh feed

mixes with partly]

reacted fluid

@ )

Figure 10.1 (a) Plug flow (no intermixing) gives the most of all the intermedi-
ates. (b) Intermixing depresses the formation of all intermediates.

To get the best product distribution,

¢ low C, favors the reaction of lowest order

® high C, favors the reaction of highest order

¢ If the desired reaction is of intermediate order then some intermediate C,
will give the best product distribution.

® For reactions all of the same order the product distribution is not affected
by the concentration level.

Rule 4. Complex Reactions

These networks can be analyzed by breaking them down into their simple series
and simple parallel components. For example, for the following elementary
reactions, where R is the desired product, the breakdown is as follows:

A+B—R A—R—S
—_ /R
R+B—S B\S

This breakdown means that A and R should be in plug flow, without any recycle,
while B can be introduced as you wish, at any concentration level, since it will
not affect the product distribution.

Rule 5. Continuous versus Noncontinuous Operations

Any product distribution that can be obtained in continuous steady-state flow
operations can be gotten in a non-flow operation and vice versa. Figure 10.2
illustrates this.
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Flow reactor Nonflow reactor

Add all fluid
Equivalent at one time
Batch
> Fill slowly
Keep composition
Equivalent constant
R=x J

Figure 10.2 Correspondence between the residence time distribution of steady flow
and either non-flow, batch or semibatch systems.

Rule 6. Effect of Temperature on Product Distribution

Given
R ki=k —EllRT
17 1= Ko
1 2 .
A—R——S A 5 with
S k2 = kzoe _EZ/RT

a high temperature favors the reaction with larger E, while a low temperature
favors the reaction with smaller E.
Let us now see how these six rules can be used to guide us to the optimum.

Optimum Operation of Reactors

In reactor operations the word “optimum” can have different meanings. Let us
look at two definitions which are particularly useful.

Feed a stream containing reactant A to a reactor and let R, S, T, ... be formed,
with R being the desired product. Then by optimum

1. we could mean maximizing the overall fractional yield of R, or

q)(%) _ ( moles R formed ) a

moles of A consumed
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2. we could mean running the reactor system so that the production of R is
maximized, or

2

moles of R formed )

(Prod R) ey = (moles of A fed to the system

For reactions in series we calculate the maximum production rate of R directly,
as shown in Chapter 8. However, for reactions in parallel we find it useful to
first evaluate the instantaneous fractional yield of R, or

¢><B> _ < moles R formed ) 3)

A moles A consumed

and then proceed to find the optimum. This procedure is shown in Chapter 7.
If unused reactant can be separated from the exit stream, reconcentrated to
feed conditions and then recycled, then

THE TRAMBOUZE REACTIONS (1958).

The elementary reactions

0 R R = ko ko =0.025
AL S s Ts=kiCa kg =02min™
\T rr= k2C2A ky = 0.4 liter/mol-min

are to be run in four equal-size MFR’s (mixed flow reactors), connected any
way you wish. The feed is C,, = 1, the feed flow rate is v = 100 liters/min.

The best scheme that the computer could come up with to maximize the
fractional yield of S, or ®(S/A) [see problem 5, Chem. Eng. Sci., 45, 595-614
(1990)], is shown in Fig. E10.1a.

(a) How would you arrange a four-MFR system?
(b) With your best system what should be the volume of your four reactors?

Cro=1 [38.903 2.081
v =100 25.0001 1 25.000

Figure E10.1a
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SOLUTION
(a) First of all, the computer solution looks somewhat complicated from the

engineering point of view. But never mind, let us proceed with our calcula-
tions. The instantaneous fractional yield, ¢(S/A), is

k,Cy 3 02C,
k, + k,Cy + k,C3 0.025+02C, + 04 C3

@(SIA) = (@)

To maximize ¢(S/A) put

d<p=0 02(0025+02CA+04C2) 02C,(02+08Cy)
dCy (___)2

Solving gives

So from Eq. (i), at Cy

Cyopt = P(S/A)(Cag — Ca o) = 0.5(1 — 0.25) = 0375

Thus the best way of running these four reactors is to keep the conditions
at the optimum in all four units. One such design is shown in Fig. E10.1b.
Problem P20 shows another design, and so does Fig. E10.1a.

Cpo = 1 mol/liter Cha opt
i - —
vo = 100 liters/min Cs opt
Vv =187.5 liters

Figure E10.156
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(b) The volume per MFR comes from the performance equation

= vV_ Cao— Ca
U _rA
or
Ve v(Cao— Ca) __ (100/4)(1.00 - 0.25)
—ra 0.025 + 0.2(0.25) + 0.4(0.25)
= 187.5 liters

Therefore, for the four reactor system

Vietal = 187.5 X 4 = 750 liters

TEMPERATURE PROGRESSION FOR MULTIPLE
REACTIONS

Consider the following scheme of elementary reactions:

E; =79 kJ/mol

1 REU E, =113 kJ/mol
Ao ° E; =126 kJ/mol
\TLS

E, =151 kJ/mol
ES - 0

What temperature progression would you recommend if the desired product is:
@R ®S ©T, (U

and if reactor size is not important?

This industrially important reaction scheme is reported by Binns et al. (1969)
and is used by Husain and Gangiah (1976, p. 245). In this problem we inter-
changed two of the reported E values to make the problem more interesting.

SOLUTION

(a) Intermediate R is Desired. We want step 1 fast compared to step 2, and
we want step 1 fast compared to step 3.

Since E; < E, and E; < E; use a low temperature and plug flow.




246  Chapter 10 Choosing the Right Kind of Reactor

(b) Final Product S is Desired. Here speed is all that matters.

So use a high temperature and plug flow.

(¢) Intermediate T is Desired. We want step 2 fast compared to step 1, and
we want step 2 fast compared to step 4.

Since E, > E,; and E, < E, use a falling temperature and plug flow

(d) Intermediate U is Desired. 'We want step 1 fast compared to step 2, and
step 3 fast compared to step 5.

Since E; < E, and E; > E; use a rising temperature and plug flow

REFERENCES
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PROBLEMS
10.1. Given the two reactions
A+B>R  —r=kC,Cy
R+B>S  —r=kC\Cy
where R is the desired product and is to be maximized. Rate the four
schemes shown in Fig. P10.1—either “good” or “not so good,” Please,

no complicated calculations, just reason it out.

A+B

B B B
(@ ®)

A+B

A A A
(o) @

Figure P10.1
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10.2. Repeat Problem 1 with just one change
—r, = k,CrC}
10.3. Repeat Problem 1 with just one change
—r, = kCiCy
10.4. For the reactions

A+B‘—)R _r1=k1CACB
R + B'_>S _rz = kZCRC%

where R is the desired product, which of the following ways of running
a batch reactor is favorable, which is not? See Fig. P10.4.

Dump A & B into
the reactor

all at one time
Add B drop

by drop

Add A drop
by drop

(@ ®)

Figure P10.4

10.5. The Oxydation of Xylene. The violent oxidation of xylene simply produces
CO, and H,0; however, when oxidation is gentle and carefully controlled,
it can also produce useful quantities of valuable phthalic anhydride as
shown in Fig. P10.5. Also, because of the danger of explosion, the fraction

CO—_ o toueen

92 co” step 2 CO,, H)O

PSS
X é@Q phthalic
CH3 anhydride

CHj\ X

3 @Io%e

xylene PG
CO,,H,O

Figure P10.5
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10.6.

10.7.

10.8.

of xylene in the reacting mixture must be kept below 1%. Naturally, the
problem in this process is to obtain a favorable product distribution.

(a) In a plug flow reactor what values of the three activation energies
would require that we operate at the maximum allowable temper-
ature?

(b) Under what circumstances should the plug flow reactor have a falling
temperature progression?

The Trambouze Reactions—Reactions in parallel. Given the set of ele-
mentary reactions with a feed of C,, = 1 mol/liter and v = 100 liters/min
we wish to maximize the fractional yield, not the production of S, in a
reactor arrangement of your choice.

/Rdesired w rr=ko ko = 0.025 mol/liter-min
0

A—-21-+s w rg=k;Csp  ky=02min"

\T “oPp= kZCi ky = 0.4 liter/mol-min

The computer, going through a multidimensional search [see problem
3, Chem. Eng. Sci., 45, 595-614 (1990)] came up with the arrangement of
Fig. P10.6, which the authors claim is a LOCAL optimum, or a STATION-
ARY POINT. We are not interested in LOCAL optima, if such things
exist. We are interested in finding the GLOBAL optimum. So with this
in mind,

(a) do you judge that the arrangement of Fig. P10.6 is the best set up?
(b) if not, suggest a better scheme. Sketch your scheme and calculate the
volume of the reactors you plan to use.

vo = 100 liters/min 20 |iters/min

)

Cpp = 1 mol/liter

v, = 149.276 liters

V,, = 600.63 liters

3.77 liters/min

Figure P10.6

For the set of elementary reactions of Problem 10.6, with a feed of
Cyo = 1 mol/liter and v = 100 liters/min we now wish to maximize the
production rate of intermediate S (not the fractional yield) in a reactor
arrangement of your choice. Sketch your chosen reactor scheme and
determine Cg,,, obtainable.

Automobile Antifreeze. Ethylene glycol and diethylene glycol are used
as automobile antifreeze, and are produced by the reactions of ethylene
oxide with water, as follows:
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PN

ethylene glycol
o CH2—CH0H | °L  ~CH—CH0H
~H CHy=CH, — " ~CH,—~CH,0H
diethylene glycol -

A mole of either glycol in water is as effective as the other in reducing
the freezing point of water; however, on a molar basis the diethylene
glycol is twice as expensive as the ethylene glycol. So we want to maximize
ethylene glycol, and minimize the diethylene glycol in the mixture.

One of the country’s largest suppliers produced millions of kilograms of
antifreeze annually in reactors shown in Fig. P10.8a. One of the company’s
engineers suggested that they replace their reactors with one of the type
shown in Fig. P10.8b. What do you think of this suggestion?

500 m of 10 cm ID pipe

EtO: __ on a pipe rack
+ X EtOx 4
water H,0
10m EtOx
Fluid moves
lazily
Product EtOx i 7 = Product

(@ ®»
Figure P10.8a & P10.8b

10.9. The Homogeneous Catalytic Reaction. Consider the elementary reaction
A+B—>2B, —r,=kC,Cy with k= 0.4 liter/mol - min

For the following feed and reactor space time

Flow rate v = 100 liters/min

Cyo = 0.45 mol/liter

Feed composition { ]
Cy = 0.55 mol/liter

Space time 7=1min

we want to maximize the concentration of B in the product stream. Our
clever computer [see problem 8, Chem. Eng. Sci., 45, 595-614 (1990)]
gives the design of Fig. P10.9 as its best try.
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10.10.

Cao = 0.45 molfliter Vp = 100 liters

Cgo = 0.55 mol/liter
v = 100 liters/min

vg = 7.85 liters/min

Figure P10.9

Do you think that this is the best way to run this reaction? If not,
suggest a better scheme. Do not bother to calculate reactor size, recycle
rate, etc. Just indicate a better scheme.

To Color Cola Drinks. When viscous corn syrup is heated it caramelizes
(turns a deep dark brown). However, if it is heated a bit too long it
transforms into carbon

corn heat more carbon
——— caramel . )
syrup eat  particles

Very long tube of just the right
length so as to maximize
production of caramelized product

Corn
syrup

Heat Heat Heat Heat Heat
(a) Present reactor (b) Proposed reactor

Figure P10.10 (a) Present reactor; (b) Proposed design.

The caramelized liquid is sent by railroad tank cars to the cola syrup
formulators, who then test the solution for quality. If it is too light in
color—penalty; if it has too many carbon particles per unit volume, then
the whole tank car is rejected. There is thus a delicate balance between
underreacting and overreacting.

At present a batch of corn syrup is heated at 154°C in a vat for a precise
time. Then it is rapidly discharged and cooled, the vat is thoroughly
cleaned (very labor intensive), and then is recharged.

The company wants to reduce costs and replace this costly labor inten-
sive batch operation with a continuous flow system. Of course it will be
a tubular reactor (rule 2). What do you think of their idea? Comment
please, as you sit and sip your Coke or Pepsi.



Problems
10.11. The Denbigh Reactions. We intend to run the reactions below:

kq = 1.0 liter/mol-s 2nd order

1.3,
A\f R\i S ky=ky=06s7 1st order
T U k4= 0.1liter/mol's 2nd order

in a flow system under the following conditions

Feed flow rate v = 100 liters/s
C,o = 6 mol/liter

Feed composition { .
Cgro = 0.6 mol/liter

251

We want to maximize the concentration ratio of Cy/C; in the product

stream.

As reported [see problem 7, Chem. Eng. Sci., 45, 595-614 (1990)],
the attack on this problem used 2077 continuous variables, 204 integer
variables, 2108 constraints, and gave as an optimal solution the design

shown in Fig. P10.11.

(a) Do you think you could do better? If so, what reactor design would
you suggest we use, and what Cy/C; would you expect to obtain?
(b) If you wished to minimize the ratio of Cy/C;, how would you go

about it?

Cpo = 6.0 mol/liter Vp = 20.706 liters

Cro = 0.6 mol/liter
v =100 liters/hr

CRr\ . .
= |is maximized ?
T

Figure P10.11

10.12. For the homogeneous catalytic reaction

A+B_)B+B, _rA=kCACB

and with a feed of C,y = 90 mol/m? Cg, = 10 mol/m® we want about
44% conversion of reactant A. What flow reactor or combination of flow
reactors is best in that it gives the smallest total volume of reactors needed?
There is no need to try to calculate the size of reactors needed; just
determine the type of reactor system that is best and the type of flow that

should be used.

10.13. Repeat Problem 12 with just one change. We need 90% conversion of

reactant A.
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10.14.

10.15.

Repeat Problem 12 with just one change. We only want about 20% conver-
sion of reactant A.

We want to produce R from A in a batch reactor with a run time no
greater than 2 hours and at a temperature somewhere between 5 and
90°C. The kinetics of this liquid first-order reaction system is as follows:

k; =30 20000RT  f = [min™]

1L 2
A—>R—=S§,
{k2 =1.9¢ BWRT R =8.314J/mol - K

Determine the optimum temperature (to give Cgy,,) and run time to use,
and the corresponding conversion of A to R.

10.16. Reactor-Separator-Recycle System—Benzene Chlorination. Here the el-

ementary reactions are

CH, + Cl,—> CH,Cl + HCl  k, = 0.412 liter/kmol - hr
CH,Cl + Cl,—>CH,CL, + HCl  k, = 0.055 liter/kmol - hr

The desired product is monochlorobenzene. Also assume that any unre-
acted benzene in the product stream can be cleanly separated and reused
as desired.

With the requirement that we only use PFRs, a minimum of three, in
any arrangement, plus separator and recycle of unused reactant, the best
of which was determined by the computer [see case 3, Chem. Eng. Sci.,
46, 1361-1383 (1991)] is shown in Fig. P10.16.

Can you do better? There is no need to calculate volumes and flow
rates. Just come up with an improved scheme.

Benzene stream

Benzene
separator

[Vp1=5.56m3 /-vp2=5.734 /vp3=5.873 -

Mono and
dichlorobenzene

Figure P10.16

10.17. Acrolein Production. Adams et al. [J. Catalysis, 3,379 (1964)] studied the

catalytic oxidation of propylene on bismuth molybdate catalyst to form
acrolein. With a feed of propylene and oxygen and reaction at 460°C, the
following three reactions occur.
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C,H, + 0,—> C,H,0 + H,0
C,H, + 4.50,—>3C0, + 3H,0
C,H,0 + 3.50,——>3C0, + 2H,0

The reactions are all of first order in olefin and independent of oxygen
and of reaction products, and with reaction rate ratios

If no cooling is needed to keep the reaction close to 460°C and if no
separation and recycle of unused C;Hj is allowed, what kind of contactor
would you suggest be used and what should be the maximum expected
production rate of acrolein from this reactor?

10.18. Nonisothermal van der Vusse Reactions (1964). Consider the following

reactions:
JRE ky = 5.4 X 108 exp(-66275/RT) [s7]
\3‘ with < k,=3.6 X 103 exp(-33137/RT) [s7!]
it ky=1.6 X 10'0 exp(-99412/RT) [liter/mol-s]
2

where the Arrhenius activation energy is given in units of J/mol, Cy is to
be maximized and C,, = 1 mol/liter.

Insisting on using three MFR’s with 7; between 0.1 and 20 s [see example
2, AIChE ], 40, 849 (1994)], with possible intercooling and a temperature
range between 360 K and 396 K, the best scheme calculated by the com-
puter is shown in Fig. P10.18.

(a) Do you like this design? If not, what do you suggest we do with this
three-reactor system? Please retain the three MFR’s.

(b) What Cy/C,, could be obtained and what 7 should be used with
the best reactor scheme (plug, mixed, or combined) and with ideal
heat transfer?

v =100

Figure P10.18
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10.19. Phthalic Anhydride from Naphthalene. The accepted mechanism for the
highly exothermic solid catalyzed oxidation of naphthalene to produce
phthalic anhydride is

R X ki =k, =2 % 103 exp(-159000/RT)  [hr)]

1
A/Z\s 4 Where ks =8.15 x 107 exp(-209000/R7) [hr ']
ky=2.1 X 10° exp(-83600/RT) [hr ]

and where

A = naphthalene (reactant)

R = naphthaquinone (postulated intermediate)
S = phthalic anhydride (desired product)

T = CO, + H,0 (waste products)

and the Arrenhius activation energy is given in units of J/mol. This reaction
is to be run somewhere between 900 K and 1200 K.

A local optimum reactor setup discovered by the computer [see example
1, Chem. Eng. Sci., 49, 1037-1051 (1994)] is shown in Fig. P10.19.

v=46.2 Heat
exchangers

Figure P10.19

(a) Do you like this design? Could you do better? If so, how?

(b) If you could keep the whole of your reactors at whatever temperature
and 7 value desired, and if recyle is allowed, how much phthalic
anhydride could be produced per mole of naphthalene reacted?

Suggestion: Why not determine the values of ky, k,, k;, and k, for both

extremes of temperature, look at the values, and then proceed with the so-

lution?

10.20. Professor Turton dislikes using reactors in parallel, and he cringed when
he saw my recommended “best” design for Example 10.1. He much prefers
using reactors in series, and so for that example he suggests using the
design of Figure E10.1a, but without any recycle of fluid.

Determine the fractional yield of S, ® (S/A), obtainable with Turton’s
design, and see if it matches that found in Example 10.1.
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Chapter 11

Basics of Non-Ideal Flow

So far we have treated two flow patterns, plug flow and mixed flow. These can
give very different behavior (size of reactor, distribution of products). We like
these flow patterns and in most cases we try to design equipment to approach
one or the other because

* one or the other often is optimum no matter what we are designing for.
* these two patterns are simple to treat.

But real equipment always deviates from these ideals. How to account for this?
That is what this and the following chapters are about.

Overall three somewhat interrelated factors make up the contacting or flow
pattern:

1. the RTD or residence time distribution of material which is flowing through
the vessel

2. the state of aggregation of the flowing material, its tendency to clump and
for a group of molecules to move about together

3. the earliness and lateness of mixing of material in the vessel.

Let us discuss these three factors in a qualitative way at first. Then, this and the
next few chapters treat these factors and show how they affect reactor behavior.

The Residence Time Distribution, RTD

Deviation from the two ideal flow patterns can be caused by channeling of fluid,
by recycling of fluid, or by creation of stagnant regions in the vessel. Figure 11.1
shows this behavior. In all types of process equipment, such as heat exchangers,
packed columns, and reactors, this type of flow should be avoided since it always
lowers the performance of the unit.

If we know precisely what is happening within the vessel, thus if we have a
complete velocity distribution map for the fluid in the vessel, then we should,
in principle, be able to predict the behavior of a vessel as a reactor. Unfortunately,
this approach is impractical, even in today’s computer age.

257
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Short-circuiting

Stagnant regions

Packed bed
A/—- cke ——\

) ) Extreme short-circuiting
N Channeling, especially and bypass
serious in countercurrent
L1 two-phase operations

Figure 11.1 Nonideal flow patterns which may exist in process
equipment.

Setting aside this goal of complete knowledge about the flow, let us be less
ambitious and see what it is that we actually need to know. In many cases we
really do not need to know very much, simply how long the individual molecules
stay in the vessel, or more precisely, the distribution of residence times of the
flowing fluid. This information can be determined easily and directly by a widely
used method of inquiry, the stimulus-response experiment.

This chapter deals in large part with the residence time distribution (or RTD)
approach to nonideal flow. We show when it may legitimately be used, how to
use it, and when it is not applicable what alternatives to turn to.

In developing the ‘““language” for this treatment of nonideal flow (see Danck-
werts, 1953), we will only consider the steady-state flow, without reaction and
without density change, of a single fluid through a vessel.

State of Aggregation of the Flowing Stream

Flowing material is in some particular state of aggregation, depending on its
nature. In the extremes these states can be called microfluids and macrofluids,
as sketched in Fig. 11.2.

Single-Phase Systems. These lie somewhere between the extremes of macro-
and microfluids.



Gases and ordinary
not very viscous
liquids
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Noncoalescing droplets
Solid particles
Very viscous liquids

259

- Microfluid 52 “Macrofluid' <2

\Individual molecules are free
to move about and intermix

Molecules are kept
grouped together in
aggregates or packets

8

Figure 11.2 Two extremes of aggregation of fluid.

Two-Phase Systems. A stream of solids always behaves as a macrofiuid, but
for gas reacting with liquid, either phase can be a macro- or microfiuid depending
on the contacting scheme being used. The sketches of Fig. 11.3 show completely
opposite behavior. We treat these two phase reactors in later chapters.

Earliness of Mixing

The fluid elements of a single flowing stream can mix with each other either
early or late in their flow through the vessel. For example, see Fig. 11.4.

Usually this factor has little effect on overall behavior for a single flowing
fluid. However, for a system with two entering reactant streams it can be very
important. For example, see Fig. 11.5.

Role of RTD, State of Aggregation, and Earliness of Mixing in Determining
Reactor Behavior

In some situations one of these three factors can be ignored; in others it can
become crucial. Often, much depends on the time for reaction, 7,,, the time for

Spray tower

Sparger reactor
reactor L
G
G
L
L -
Gas bubbles Liquid droplets
in liquid in gas
G—> -

G
Here gas is a macrofluid /
H

while liquid is a microfluid ere gas us a microfluid
while liquid is a macrofluid

Figure 11.3 Examples of macro- and microfluid behavior.
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]

Early mixing Uniform mixing Late mixing
\.A QL——\l —~—r — \ —_— |\-} %i——\
— — —a — o
fA) W < 4 T A ' < Aﬁw
Z Lots of mixing Flat ZSame along ZNo mixing Well-mixed
of young and  velocity the whole of young and region
old fluid profile vessel old fluid

Figure 11.4 Examples of early and of late mixing of fluid.

mixing 7., and the time for stay in the vessel f,,. In many cases #y, has a
meaning somewhat like 7,;, but somewhat broader.

111 E, THE AGE DISTRIBUTION OF FLUID, THE RTD

It is evident that elements of fluid taking different routes through the reactor
may take different lengths of time to pass through the vessel. The distribution
of these times for the stream of fluid leaving the vessel is called the exit age
distribution E, or the residence time distribution RTD of fluid. E has the units
of time™1.

We find it convenient to represent the RTD in such a way that the area under
the curve is unity, or

f:Edt=1 [-]

This procedure is called normalizing the distribution, and Fig. 11.6 shows this.
We should note one restriction on the E curve—that the fluid only enters and
only leaves the vessel one time. This means that there should be no flow or
diffusion or upflow eddies at the entrance or at the vessel exit. We call this the
closed vessel boundary condition. Where elements of fluid can cross the vessel
boundary more than one time we call this the open vessel boundary condition.
With this representation the fraction of exit stream of age* between ¢ and ¢ +

dt is
Ed: [-]
i A I
B 7 @& 7 B —> E— f
[Well mixed at entry, Separate parallel \& Z Mixing only occurs
so A and B have flows so A and B at exit leaving no
lots of time for reaction are unable to react time for reaction

Figure 11.5 Early or late mixing affects reactor behavior.

* The term ““age” for an element of the exit stream refers to the time spent by that element in the vessel.



11.1 E, The Age Distribution of Fluid, The RTD 261

RTD, or E curve

Fraction of exit stream
older than 71

Total area =

0 f
t

Figure 11.6 The exit age distribution curve E for
fluid flowing through a vessel; also called the resi-
dence time distribution, or RTD.

the fraction younger than age ¢, is
VEdi [-] ®

whereas the fraction of material older than ¢, shown as the shaded area in Fig.
11.6, is

:°Edt=1— ;’Edt -] (¥)]
1
The E curve is the distribution needed to account for nonideal flow.

Experimental Methods (Nonchemical) for Finding E

The simplest and most direct way of finding the E curve uses a physical or
nonreactive tracer. For special purposes, however, we may want to use a reactive
tracer. This chapter deals in detail with the nonreactive tracer, and for this all
sorts of experiments can be used. Figure 11.7 shows some of these. Because the
pulse and the step experiments are easier to interpret, the periodic and random
harder, here we only consider the pulse and the step experiment.

Pulse

Periodic Random
input Step ; input
p _J7input /\/{ input W

) Chulse Cstep

Figure 11.7 Various ways of studying the flow pattern in vessels.
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We next discuss these two experimental methods for finding the E curve. We
then show how to find reactor behavior knowing the E curve for the reactor.

The Pulse Experiment

Let us find the E curve for a vessel of volume V m? through which flows v m3/s
of fluid. For this instantaneously introduce M units of tracer (kg or moles) into
the fluid entering the vessel, and record the concentration-time of tracer leaving

the vessel. This is the C,,,, curve. From the material balance for the vessel we find

Areaunder the (= _ M kg-s
( Con curve ) A= j “Cdi= 2 Cit; =~ [—m3 ] 3)
tCAt
<Mean of the>' - f tC d’ 2 v o @
Cpuse Curve /- f Cdr 2 CAr v

All this is shown in Fig. 11.8.

To find the E curve from the C,, curve simply change the concentration scale
such that the area under the curve is unity. Thus, simply divide the concentration
readings by M/v, as shown in Fig. 11.9.

_ Cpulse

M/v (a)

Instantaneously introduce
M units of tracer into the
fluid entering the vessel

| y

Record the leaving traces

o
% Evaluate the area
=< under the curve
z Area = I Cdt = 3.C;A;
< 0
—‘ time, s
v, m3/s Evaluate the mean
_ Jicar _ 2uGiAy,
V = vessel volume " fcar Eci Ay

Figure 11.8 The useful information obtainable from the pulse
trace experiment.
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v
M

Cpulse
= Cpulse *

E

)

t
Figure 11.9 Transforming an experimental C,,, curve into an E curve.

We have another RTD function E,. Here time is measured in terms of mean

residence time 6 = t/7. Thus

V (5b)

E,is a useful measure when dealing with flow models which come up in Chapters

13, 14, and 15. Figure 11.10 shows how to transform E into E,.
One final reminder, the relationship between C,,,,, and the E curves only holds

exactly for vessels with closed boundary conditions.

The Step Experiment
Consider v m®/s of fluid flowing through a vessel of volume V. Now at time ¢ =

0 switch from ordinary fluid to fluid with tracer of concentration C,,, =

] , and measure the outlet tracer concentration Cg,, versus £, as shown

kg or mol
m3

in Fig. 11.11.

g
Figure 11.10 Transforming an E curve into an E, curve.



264  Chapter 11 Basics of Non-Ideal Flow

Cmax g

Step input at time =0
t< 0 ... no tracer
t>0 ... m [kg/s] of tracer,

Cstep

vm3
/— Output
¥ reading

v m3/5 o —

reading

New fluid

|
|
|
|
t

Figure 11.11 Information obtainable from a step tracer experiment.

A material balance relates the different measured quantities of the output
curve of a step input

m
shaded area - mV |kg-s?
and ( . ) = Cpal = —5 [—]
of Flg. 11.11 02 m3 (6)
Jcmax tdCS
0

I

_ tep 1 C
7 = f max ¢ 1 C
Cmax 0 step

Cmax
dacC
f 0 step

where m [kg/s] is the flow rate of tracer in the entering fluid.
The dimensionless form of the Cg,, curve is called the F curve. It is found by
having the tracer concentration rise from zero to unity, as shown in Fig. 11.12.

Relationship between the F and E Curves

To relate E with F imagine a steady flow of white fluid. Then at time ¢ = 0 switch
to red and record the rising concentration of red fluid in the exit stream, the F

Area =7+ Crax [kg—°5]
m3

Cmax

Cstep

0 t

Figure 11.12 Transforming an experimental C,, curve to an F curve.
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curve. At any time ¢ > 0 red fluid and only red fluid in the exit stream is younger
than age ¢. Thus we have

fraction of red fluid | _ (fraction of exit stream
in the exit stream younger than age ¢

But the first term is simply the F value, while the second is given by Eq. 1. So
we have, at time ¢,

t
F=[ Ed )
and on differentiating

dF _
dt E ®)

In graphical form this relationship is shown in Fig. 11.13.

These relationships show how stimulus-response experiments, using either step
or pulse inputs can conveniently give the RTD and mean flow rate of fluid in
the vessel. We should remember that these relationships only hold for closed
vessels. When this boundary condition is not met, then the C,,, and E curves
differ. The C,;, curves of the convection model (see Chap. 15) clearly show
this.

Figure 11.14 shows the shapes of these curves for various types of flow.

Slope = Ey, 51

F-———————
F, () :

1

(]

2ol|E

Al S

0 ap = & — > ¢

ge|llE

0 col|ll &/
=g
|

0 15}

Figure 11.13 Relationship between the E and F
curves.
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Mixed flow Arbitrary flow

Plug flow

0.15
A
1 0.1
Q"’ Area = !
=
Width =0 0.05
t
S Area =
i
= | Width = -
0 6

05 1 1.5

Figure 11.14 Properties of the E and F curves for various flows. Curves are drawn in terms of
ordinary and dimensionless time units. Relationship between curves is given by Egs. 7 and 8.

At any time these curves are related as follows:

v v dF
E=_'Cpulse’ Fzﬁ'cstep’ E=E"
t
I3
6, E,, F...all dimensionless, E = [time™]

y §E=1, E():?E

®
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FINDING THE RTD BY EXPERIMENT

The concentration readings in Table E11.1 represent a continuous response to
a pulse input into a closed vessel which is to be used as a chemical reactor.
Calculate the mean residence time of fluid in the vessel ¢, and tabulate and plot
the exit age distribution E.

Table E11.1

Tracer Output Concentration, Cye
Time ¢, min gm/liter fluid

0

5
10
15
20
25
30
35

SRPr NP UNONWO

SOLUTION
The mean residence time, from Eq. 4, is

o > t,C;At; At = constant > tC
Y 2 G

_5X3+10X5+15X5+20X4+25X2+30x1 _
- 3+45+5+4+2+1

15 min
The area under the concentration-time curve,

Area=> CAt=(3+5+5+4+2+ 1)5 =100 gm-min/liter

gives the total amount of tracer introduced. To find E, the area under this curve
must be unity; hence, the concentration readings must each be divided by the
total area, giving

Thus we have

0 5 10 15 20 25 30
E=—— min! 0 003 005 005 004 002 0.01




2608  Chapter 11 Basics of Non-Ideal Flow

L —— Smoothed
0.05 /‘ ~./ curve
0.04 - A
E 003 4

/
0.02— |7/
0.01

/ l | |

t, min

Figure E11.1

Figure E11.1 is a plot of this distribution.

FINDING THE E CURVE FOR LIQUID FLOWING
THROUGH A VESSEL

A large tank (860 liters) is used as a gas-liquid contactor. Gas bubbles up through
the vessel and out the top, liquid flows in at one part and out the other at 5
liters/s. To get an idea of the flow pattern of liquid in this tank a pulse of tracer
(M =150 gm) is injected at the liquid inlet and measured at the outlet, as shown
in Fig. E11.2a.

(a) Is this a properly done experiment?

(b) If so, find the liquid fraction in the vessel.

(¢) Determine the E curve for the liquid.

(d) Qualitatively what do you think is happening in the vessel?

O Area, A; = 0.375
2 A
= Area = —L
& 4
Q Ay
64
... etc.
4 6 8
t, min
Figure E11.2a
SOLUTION

(a) Check the material balance against the tracer curve. From the material
balance, Eq. 3, we should have

_M _150gm _ ., gm-s_ . gm-min
Area == rsis - 20 hter ~ O Titer




11.1 E, The Age Distribution of Fluid, The RTD 269

From the tracer curve

_ L. 1. .\ 4 gm - min
Area——A1<1+ +16+ )—0.375(3>—05 Titer

These values agree. The results are consistent. (a)

(b) For the liquid, Eq. 4 gives

tCdt A A
7= f 1 [2A1 !

Ay
f 05 +4XT+6XE+8X64+ ~]=2.67mi11
Cdt

Thus the liquid volume in the vessel is
V,=tv, = 2.67(5 X 60) = 800 liters

and the volume fraction of phases is

. ... 800
Fraction of liquid = 360 = 93%} ®)
Fraction of gas = 7%
(¢) Finally, from Eq. 5 we find the E curve, or
_ Cpulse _ 0.75 _
=M 05 C71PC
Thus the E curve for the liquid is as shown in Fig. E11.2b. (¢)
(d) The vessel has a strong recirculation of liquid, probably induced by the
rising bubbles. (d)

Area, A; = %

t, min

Figure E11.2b
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The Convolution Integral

Suppose we introduce into a vessel a one-shot tracer signal C;, versus ¢ as shown
in Fig. 11.15. In passing through the vessel the signal will be modified to give an
output signal C,, versus ¢. Since the flow with its particular RTD is responsible
for this modification let us relate Cy;, E, and C,;.

Focus attention on tracer leaving at time about ¢. This is shown as the narrow
rectangle B in Fig. 11.15. We may then write

tracer leaving | _ (all the tracer entering ' seconds earlier than ¢,
in rectangle B and staying for time ¢’ in the vessel

We show the tracer which enters ¢’ seconds earlier than ¢ as the narrow rectangle
A. In terms of this rectangle the above equation may be written

tracer leavin tracer in \ / fraction of tracer in A

(. ra | g ) = > rectangle || which stays for about

in rectangle all rectangles A t' seconds in the vessel
A which enter

earlier then
time ¢

In symbols and taking limits (shrinking the rectangles) we obtain the desired
relationship, which is called the convolution integral

Conl®) = [ Cut = )E@)a’ (10)
In what can be shown to be equivalent form we also have
Conl®) = [ Cult B = 1)l (105)

We say that C,, is the convolution of E with C;, and we write concisely

Cout =E=* Cin or Cout = Cin *E (106‘)

Cin

Vessel

\RTDzEvst

Cout

Same
T TN
element >

t' seconds
earlier

|

Figure 11.15 Sketch showing derivation of the convolution integral.



11.1 E, The Age Distribution of Fluid, The RTD 271

Region a Region b Region ¢

Iy

Figure 11.16 Modification of an input tracer signal C;;, on passing through three succes-
sive regions.

Application of These Tools. To illustrate the uses of these mathematical tools
consider three independent* flow units a, b, and ¢, which are closed and connected
in series (see Fig. 11.16).

Problem 1. If the input signal C,, is measured and the exit age distribution
functions E,, E,, and E_ are known, then C; is the convolution of E, with C;,
and so on, thus

C =Cy*E, G =C*E,, Cou=C*E,
and on combining
Cou = Cin *Eg* E, * E an
Thus we can determine the output from a multiregion flow unit.

Problem 2. 1f we measure C,, and C,,, and know E, and E_ we can then extract the
unknown E, . This type of problem is of particular importance in experimentation
where the entrance region and collection region for tracer are both large com-
pared with the experimental section.

It is a straightforward matter to convolute; however, to deconvolute, to find
one of the distribution functions under the integral, is difficult. Thus Problem 2
is harder to treat than Problem 1 and requires using a computer.
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