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Chemical Reactor Analysis and Design
Gilbert F. Froment, Texas A&M University; K.B. Bischoff, University of
Delaware; Juray De Wilde, Université Catholique de Louvain.

This is the Third Edition of Chemical Reactor Analysis and Design. The first
was published by Wiley in 1979 and the second, after a substantial revision, in
1990. When we undertook the third edition in 2008, eighteen years had elapsed
since the second edition. This is a significant period of time during which
chemical reaction engineering has considerably evolved. The tremendous growth
of computer power and the easy access to it has significantly contributed to a
more comprehensive description of phenomena, operations and equipment, thus
enabling the development and application of more fundamental and presumably
more accurate models. Modern chemical reaction engineering courses should
reflect this evolution towards a more scientific approach. We have been
permanently aware of these trends during the elaboration of the present edition
and have largely rewritten the complete text. The more fundamental approach
has not distracted us, however, from the emphasis on the real world of chemical
reaction engineering, one of the main objectives and strengths of the first edition
already, widely recognized all over the world.

We have maintained the structure of the previous editions, dividing the
content into two parts. The first part deals with the kinetics of phenomena that
are important in reaction engineering: reaction kinetics, both “homogeneous” —
in a single phase — and “heterogeneous,” involving a gas- and a liquid- or solid
phase. The mechanism of the reactions has been accounted for in greater detail
than previously, in an effort to be more realistic, but also more reliable in their
kinetic modeling e.g., in thermal cracking, polymerization, hydrocarbon
processing and bio-processes. The field of reaction kinetics has substantially
progressed by the growing availability through commercial software of quantum
chemical methods. Students of chemical reaction engineering can no longer
ignore their potential and they should be taught how to apply them meaningfully
to real processes. Chapters 1, 2 and 3 attempt to do that. In the heterogeneous
reaction case, heat and mass transfer phenomena at the interface and inside the
reaction phase have to be considered. In modeling these the internal structure of
the catalyst has been given more emphasis, starting from insight provided from
well developed characterization tools and using advanced techniques like Monte
Carlo simulation, Percolation theory and Effective Medium Approximation. This
approach is further applied in Chapter 4 on gas-solid reactions and Chapter 5 on
catalyst deactivation. The insertion of more realistic kinetics into structure
models of the catalyst has also allowed accounting for the role of catalyst
deactivation by coke formation in important commercial hydrocarbon conversion



processes, like butene dehydrogenation, steam reforming of natural gas and the
catalytic cracking of vacuum gas oil. Chapter 6 on gas-liquid kinetics has
retained its previous structure.

Part Il addresses the chemical reactor itself, inserting the kinetic aspects
of Part | into the modeling and simulation of the reactor operation. Chapter 7
introduces the fundamental mass-, energy- and momentum balances. The
Chapters 8, 9, 10 and 11, dealing with the basic types, like the batch, semi-batch,
continuous flow reactor with complete mixing and the tubular reactor, filled or
not with solid catalyst, have been maintained, of course, and also their strong ties
to industrial processes. Deviations of what was previously called “ideal “ models
and behavior are dealt with along entirely new lines, made possible by the
progress of CFD — computational fluid dynamics — also made available by
commercial software. This approach is introduced already in Chapter 11 on fixed
bed reactors and consistently applied in Chapter 12, leading to a unified and
structured approach of flow, residence time and conversion in the variety of
reactors encountered in industrial practice. This is another field that has not yet
received sufficient attention in chemical engineering curricula. Substantial
progress and a growing number of applications can be expected in the coming
years. It is illustrated also in Chapter 13 on fluidized- and transport bed reactors,
that enters into greater details than before on the catalytic cracking of heavy oil
fractions and reports on simulations based upon computational fluid dynamics.
A book like this has to show the path and prepare the future. We should not look
down, however, upon the correlations derived from experimentation and
collected by the profession over the years, be they limited in their range of
application. There is no way that these could be refined or completely replaced
yet by CFD application only. Unfortunately, the computational effort involved in
the use of CFD in combination with reaction and transport phenomena
throughout the entire reactor is overwhelming and its routine-like application to
real, practical cases not for the immediate future. Chapter 14 on multiphase
reactors is evidence for this and illustrates sound and proved engineering
practice.

Finally, we want to remember Ken Bischoff, who deceased in July 2007
and could not participate in this third edition.

Gilbert F. Froment Juray De Wilde
Texas A & M University Université Catholique de Louvain
December 2009
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Notation

Great attention has been given to the detailed definition of the units of the
different quantities: for example, when a dimension of length is used, it is always
clarified as to whether this length concerns the catalyst or the reactor. We have
found that this greatly promotes insight into the mathematical modeling of a
phenomenon and avoids errors.

A reaction component
A heat exchange surface, packed bed side m?2
A, reacting species
A, heat exchange surface in a batch reactor, m2

on the side of the reaction mixture
A, logarithmic mean of A, and A, or of A, and A, m2
A heat exchange surface for a batch reactor, m2

on the side of the heat transfer medium
A total heat exchange surface m2
A, gas-liquid interfacial area per unit liquid volume ~ m?/m?
A, frequency factor, for 1 order, e.g. st
A, gas-liquid interfacial area per unit gas +

liquid volume m2/m?
A single event frequency factor st
a stoichiometric coefficient
a, surface to volume ratio of a particle m2/m?
a, external particle surface area per unit catalyst mass m;/kg cat.
a, external particle surface area per unit reactor volume mﬁ/mf
a', a'j order of reaction with respect to A, A
a'V gas-liquid interfacial area per unit packed volume mf/mf
a, liquid-solid interfacial area per unit packed volume m?/m?
B reaction component
B, fictitious component in Wei-Prater analysis
B vector of fictitious components
b stoichiometric coefficient
b’ order of reaction with respect to B



b vector of parameter estimates
C,,Cg,C; molar concentration of species A, B, j

C,,Cg ... molar concentrations of species A, B, ...

in the bulk fluid

7
O
®

coke content of catalyst

O

drag coefficient for spheres

w)

—

inlet concentration

o

vector of molar concentrations

> >
= @
o

z
O

)

O 0O 0 OO0 000000

> wn
»

of solid

O
N

»

zone of solid
Ca Laplace transform of Cp

inside catalyst

C,,Cp,  molar concentration of poison in gas phase inside

catalyst and at core boundary

C, solid (reactant) concentration

C, specific heat of fluid at constant pressure
Cps specific heat of solid

Da Damkohler number;

also Damkohler number for poisoning, kspR/Dep
D,,D;  molecular diffusivities of A, B in liquid film

D s molecular diffusivity for A in a binary mixture of
Aand B

Dam molecular diffusivity for A in a multicomponent
mixture

D, Knudsen diffusivity

molar concentrations of adsorbed A, B, ...

molar concentration of vacant active sites of catalyst
total molar concentration of active sites

molar concentration of A at equilibrium
molar concentration of A in front of the interface
molar concentration of fluid reactant inside the solid

molar concentration of fluid reactant at surface

molar concentration of A inside completely reacted

concentration of sites covered with poison

equilibrium molar concentration of sorbed poison

kmol/m}

kmol/m?

kmol/kg cat.
kg coke/kg cat.

kmol/kg cat.
kmol/kg cat.
kmol/m}
kmol/m?
kmol/m}
kmol/m?

kmol/m?

kmol/m}

kmol/m}

kmol/kg cat.
kmol/kg cat.

kmol/m}

kmol/mg
kitkg K
ki/kg K

md/m s

mi/m; s

mi/m, s

mi/m, s



D.,D.,, D, effective diffusivities for transport in a (pseudo-) m$/mecat. s
continuum, or in emulsion phase

D, gas phase effective diffusivity in axial direction mi/m_ s
in a multiphase packed bed

D.. liquid phase effective diffusivity in axial direction m>/m_s
in a multiphase packed bed

DS effective pore diffusivity for poison m?/mcat. s

D..,D, effective diffusivities in axial, respectively radial ~ m3/m_ s
directions in a packed bed

Deg effective diffusivity for transport of A through a mf/mp S
grain (Chapter 4)

Dep effective diffusivity for transport of A in the pores  m3/m bS
between the grains (Chapter 4)

Dj’I eddy diffusivity for species j in the | direction mf/m S

D, eddy diffusivity in the | direction m?/m S

D; effective diffusivity for transport through completely mf/mp S
reacted solid (Chapter 4)

Din effective molecular diffusivity of jin a
multicomponent mixture mi/m, s

Dett effective diffusivity, a combination of molecular
and turbulent diffusivities in a fluid m?/m; s

D turbulent diffusivity in a fluid mi/m; s

D(Xu) divergence used in sequential model discrimination

wall thickness
b bubble diameter

coil diameter
particle diameter

o

reactor diameter
stirrer diameter

3 3 3 3 3 3 3

internal tube diameter; also tower diameter

(Chapter 14)
E activation energy; kJ/kmol
also internal energy;
also energy of the particle, consisting of
potential and kinetic contributions;
also total energy, consisting of internal and
kinetic energy (Chapter 12) kJ/kg

r



residence time distribution function
activation energy
exponential integral function

intrinsic activation barrier of a reference step of a
given type of elementary step

E6tvds number, based on bubble diameter, d, p, 9/

number of pore mouths per network on a sphere
at a distance r from the center of the particle
specific kinetic energy

error function

complementary error function, 1 -erf(7)

total molar flow rate

enhancement factor

molar feed rate of reactants A and j

ratio of variances, used to test model adequacy

or used to select the best out of a number of
competing models (Chapter 2)

force exerted per unit cross section
volumetric gas flow rate
volumetric gas feed rate of feed

volumetric gas flow rate (Chapter 14)

friction factor;

also single-particle- or one-point joint micro-
probability density function

fraction of total fluidized bed volume occupied by
bubble gas

fraction of total fluidized bed volume occupied by
emulsion gas

N-particle- or N-point joint micro-probability
density function

superficial mass flow velocity;

also standard Gibbs free energy

acceleration of gravity

Henry’s law coefficient;

also enthalpy;
liquid height
enthalpy of liquid on plate n

kJ/kmol

kJ/kmol

kJ/kg

kmol/s

kmol/s

N/m2
m;/s
m?/s

m;/m?s

m;/m

kg/m?'s
kJ

m/s
Nm/kmol

or m3 bar/kmol
kJ

m
kJ/kmol

2



K, K,,

7<>X>7§H7<

e

=~

’krA

heat of formation of species j
height of stirrer above bottom

molar enthalpy of species j

heat of reaction

standard enthalpy of adsorption
Hatta number, »

Planck constant

heat transfer coefficient for film

surrounding a particle
froth height
internal age distribution function

internal distribution function

initiator; also intermediate species; inert;
unit matrix

matrix of partial derivatives of function with

respect to parameters (Chapter 2); Jacobian matrix
molar flux of species j in | direction, with respect

to mass average velocity

. kg M 2/3
j-factor for mass transfer, TSC
. hf 2/3
j-factor for heat transfer, —— (Pr)

ch

equilibrium constants

matrix of rate coefficients

Kinetic energy per unit mass

flow averaged kinetic energy per unit mass
rate coefficient for a catalytic reaction;

for 1st order, e.g.

rate coefficient for a reaction

between a fluid reactant A

(order n) and a solid or solid component S
(order m)

turbulent kinetic energy

Boltzmann constant

coking rate coefficient for 1% order coking, e.g.

kJ/kmol

m

kJ/kmol
kJ/kmol
kJ/kmol

kJs

ki/m2 sK
m

kmol/m2s

m3/N

or m3/kmol
or bar?

S—l

m?/s2

m?/s2

m?/kg cat. s
m?" (kmol A)*"

(kmol S)™ mf3m
(kg. part)* s

kJ/kg
kJ/IK
gl



Vi

Ks mass transfer coefficient from gas to liquid kmol/m? bar s
interface, based upon partial pressure driving force

ki bubble-emulsion phase interchange coefficient m3/m?s

k. mass transfer coefficient from interface to
liquid bulk, based on concentration driving force m?/m?.s

K; mass transfer coefficient (including interfacial area) m?/m?s
between flowing and stagnant liquid in a multiphase
reactor

k.., Ky,  mass transfer coefficient (including interfacial area) m?/m®s
between regions 1 and 2 of flow model (Chapter 12)

K. rate coefficient based on concentrations s~ {kmol/
m3}1—(a'+ b'...)

k o mass transfer coefficient fro