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Student Outcomes
Em
71 Student outcomes of concern in CHENG 323:

SO 1: an ability to identify, formulate, and solve complex

engineering problems by applying principles of
engineering, science, and mathematics.

SO 2: an ability to apply engineering design to produce
solutions that meet specified needs with consideration of
public health, safety, and welfare, as well as global,
cultural, social, environmental, and economic factors
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What are the Core Subjects of Chemical @
Engineering? Hynin
1) Chemical Engineering Thermodynamics
2) Transport Phenomena
a. Momentum Transfer /Fluid Mechanics.
b. Mass Transfer/Separation Processes.
c. Heat Transfer
3) Chemical Reaction Engineering
4
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What Do Chemical Kinetics and Chemical Reaction

Engineering Involve?
[

Chemical kinetics is the study of chemical reaction
rates and mechanisms.

The study of chemical reaction engineering (CRE)
combines the study of chemical kinetics with the design
of the reactors in which the reaction occur.

It is primary the knowledge of chemical reaction
engineering (CRE) that distinguishes the chemical
engineer from other engineers.

What Does Chemical Engineering Thermodynamics

Involve?
(e

It involves:

* Calculations of heat and work requirements for physical
and chemical processes.

* Determination of equilibrium compositions/conditions in
cases of:

¢ chemical reactions

* transfer of chemical species between phases

9/3/2026
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What Thermodynamics Cannot Predict?
|

1. Thermodynamic consideration do not establish the rates
of chemical and physical processes.

! should be to reach equilibrium—or any desired state—you need transport
i phenomena and chemical kinetics sciences.

Although driving forces are thermodynamic variables,
resistances are not.

2. Neither can thermodynamics, reveal the microscopic
mechanisms of physical and chemical processes.

o o
What do rates depend on?
* driving force
o resisfq nce iﬁ Thermoci)i';;r;ics tells )’(’J;.I’;A;f’]’el'e the b;xi{;;[li stop but;l;e’sﬁnot tell y;;f;;»; fast it 7”

i will get there. To determine how long you need to wait or how large your equipment |
'
'

Time Out: Generalized Equation for Flux
[

Rates depend on Driving Force & Resistance
The governing eq. for any flux (rate/area) can be generalized as: J =M - F

= Flux, F = Driving Force Gradient, M = Coupling Coefficient, Conductivity, or 1/Resistivity
Examples:

Current Density (Ohm’s Law): | = V/R where R = pL/A

. I 1V V av
] =7=—7=0'7 or ] :O"a (C/s'em? or A/cm?)
.. dCy
Molar Flux (Fick’s Law of Diffusion): NA = _DAB . d— (mol/s'm?)
X

" d
Heat Flux (Conduction): q, = —k - Ix (J/s'm2or W/m?2)
X

Other (Flux = Conductance X Driving Force):

q =h-AT q=U-(T,-T) Ny =k, -ACy
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What does each science enable you to know?

[
same material, same mass, insulated container.

T,=50°C  T,=100°C T,=75°C T=75°C

after infinite time

Thermodynamics ) T . = T.quilibriom = 7 3°C

Heat Transfer ‘ It takes 3 minutes to reach this
temperature

10

What does each science enable you to know?
B

W ater-gas shift reaction carried out in a reactor at 827°C & 10 bar.

CO + H,0 <> CO, + H, CO + H,O <> CO, + H,

1 mol 1 mol 1 mol 0 mol 0.67 mol 0.67 mol 1.33 mol 0.33 mol
33.3% 33.3% 33.3% 0 mol% 22.3% 22.3% 44.3% 11 mol%

What is the mixture composition after infinite time? Next

Thermodynamics ‘ Final /equilibrium composition is: y.o=
Yh20=0.223, ycoo= 0.443, & y,,=0.11;
equilibrium conversion of CO is 33%.

Chemical ‘ To approach this equilibrium composition/conversion,

Reaction -How long should | wait? (Batch reactor)
Engineering -How big the reactor should be? (Continuous-flow reactor)
11
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Industries).

Examples of CPI?

Chemical Reaction Engineering

Chemical reaction engineering is at the heart of virtually
every chemical process.

Industries that draw heavily on Chemical Reaction
Engineering (CRE) are called CPI (Chemical Process

GPIC; SABIC (~20 companies): Ibn Sina, Yansab, Ibn Rushd;

Dow; DuPont; Shell; Chevron; Bapco

13
o o o o
Chemical Reaction Engineering
- 2012 Sales,
Company 2012 Sales, USS billion Company US$ millions
BASF 95.1 SABIC 50,407
Sinopec 64.9 Petro Rabigh 16,536
ExxonMobil 60.9 Tasnee 4,779
Dow Chemical 56.8 Saudi Kayan 2,529
SABIC 504 Yanbu National Petrochemical Co. 2,480
Shell 45.8 Saudi Industrial Investment Group 1,482
LyondellBasell 45.3 Safco 1,328
DuPont 348 Sipchem 1,046
Mitsubishi 32.8 Advanced Petrochemicals 659
INEOS 299 Alujain 563

sales

The top 10 chemical companies
in the world ranked by 2012

The top 10 chemical companies
in Saudi Arabia ranked by
2012 sales

Ref: Gerlowski, L., & Al Othman, A. (2014, August). Saudi Arabia’s Chemicals Industry
Continues to Grow. Chemical Engineering Progress (CEP, an AIChE publication), 64-68.

14
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Areas of Applications
[REm

In addition to the more traditional areas of the
manufacturing of chemicals & pharmaceuticals, the
Chemical Reaction Engineering (CRE) principles can also
be applied in areas such as

O waste treatment
1 microelectronics
01 nanoparticles

0 living systems

P wind
4 4 "
/% g s
* Bty
e i
B2\ AL
- = -
P .
g o . ST Meurpammer 13y :;:
Smog (Ch. 1, Ch ;
O IChA ) | Wetlands (Ch. 4)
: I =
Nitroanaline Plant Explosion
Exothermic Reactions That
Runaway
Pharmacokinetics of Cobra Bites Effective Lubricant Design
Multiple Reactions in a Batch Seavenging Free Radicals Plant Safety
(Body) Reactor 5
y ; Ch.8 &9
Lubricant Design [ )
Cobra Bites (Ch. 6) (Ch. 7)
b Mnk.'):l&n, then Steip Mask CVD, Mask, Etch, Strip Mask CVD of Final Layer
()
ACID—""—"
Oil Recovery
(Ch. 5)
16
Manufacture of Phthalic Anhydride (Ch. 3)
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How much to study?! @

[
How much time is needed to study for this course?
You will need at least 6 hours per week for this course:
* Plan A:

1 hr after each lecture (1X3=3 hr) [Sun, Tue, & Thu]

3 hr during the weekend to solve the suggested problems
* Plan B:

1.5 hr before each lecture (1.5X2=3 hr) [Mon & Wed]

3 hr during the weekend to solve the suggested problems

Attend Previous
Problems
Classes Exams

¢ Start from Today!

19

How much do | study for this course?

No
Time

+

'I“' E gl ol o

Study

20
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(2020)

Chemical Reaction Engineering

Hie

Welcome to Chemical Reaction Engineering!

D

ennancen sY Google

Pt

R

Materials on the Web and CDROM

CDROM & Web: hitp://www.umich.edu/~elements/5e/

Elements of

Essentials of

Chemical Reaction Engineering

(2016)

Select Chapter

Complete Introduction

Let's Get Started

Lecture Notes

Additional Resources
SafeChemE Website

Chapter 1  Chapter 10 Software Interactive Computer
Chapter 2 Chapter 11 Undergraduate (ChE 344) Games
Chapter 3 Chapter 12 Homepage Web Modules
Chapter 4 Chapter 13 Graduate (ChE 528) Thoughts on Problem
Chapter 5 Chapter 14 Homepage Solving
Chapter 6  Chapter 15 Asychronous Learning FAQs
Chapter 7 Chapter 16 Additional Textbook Fun YouTube Videos
Chapter 8  Chapter 17 Websites Updates and Typos
Chapter 9 Chapter 18
Appendices
BY CHAPTER HIDE i
e Chapter 1: Mole Balances
2. Living Example Problems R R
# Exira Help Objective
- Summary Notes . .
iy Hello completing Chapter 1 of the text and associated website material, the reader will be able to:
Screencasts
- FAQs + Define the rate of chemical reaction.
;jg;iﬂi;““ Cumpticy « Apply the mole balance equations to a BR, CSTR, PFR, and PBR.
#i1 Additional Material « Describe photos of real reactors.
@ SelfTest

@ i>Clicker Questions
M Professional Reference
shelf

BY CONCEPT .
it Interactive Modules
Web Modules
-Interactive Computer
2. Living Example Problems
UOFM HIDE

’, Asynchronous Learning
21 ChE 344
1 ChE 528

24

Useful Links

Living Example
Problems

Polymath, Python
Matlab and
Wolfram code to
help visualize and
deeper understand
certain concepts

Extra Help

LearnChemE
Screencasts,
Summary Notes,
FAQs, and
Interactive
Computer Modules.
that provide for
deeper
understanding of
important concepts

Additional
Materials

New Technical
Material, Detailed
Derivations and
Web Modules with

Novel Applications,

along with
expanded
explanations and
examples that
didn't make it in

Professional
Reference Shelf

Material important
to the practicing
engineer that is
not necessarily
covered in all CRE
courses

Computer Youtube Videos
Simulation

Problem Humorous videos
Statements covering topics

varying from
example problems
to light hearted
breaks from
studying

Digital problems
using Wolfram and
Python as well as
Matlab and
Polymath

Evaluation

Self Tests

Interactive problems
with solutions to
provide extra practice
of concepts

i>Clicker Questions

Interactive multiple
cholce guestions to
help access your

understanding
material

of the

24
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BY CHAPTER HIDE

= Objectives
2. Living Example Problems
# Extra Help

- Summary Notes

- LearnChemE
Screencasts
- FAQs

- Interactive Computer
Modules
fif Additional Material
@ Self Test
@ i=Clicker Questions
N Professional Reference

Chapter 1: Mole Balances

Objective
Hello completing Chapter 1 of the text and :
» Define the rate of chemical reactic

» Apply the mole balance equations
» Describe photos of real reactors.

Useful Links

Shelf
BY CONCEPT HIDE Living Example Extra Help
i Problems

fif Interactive Modules LearnChemE
“Web Modules Polymath, Pythan, Screencasts,
-Interactive Computer Matlab and Summary Notes,
Games Wolfram code to FAQs, and

2. Living Example Problems help visualize and Interactive

:U OF M) e deep.er understand Computer Modules
certain concepts that provide for

™, Asynchronous Learning deeper

1 ChE 344 understanding of

[ ChE 528 important concepts

25
BY CHAPTER HIDE

S Coeaives Chapter 1: Mole Balances

2. Living Example Problems i i

# ExtraHelp Objective
- Summary Notes )
- LearnCheme Hello completing Chapter 1 of the text and :
Screencasts
-FAQs » Define the rate of chemical reactic
HQE@?"’E SOty « Apply the mole balance equations

Ht Additional Material » Describe photos of real reactors.

© Self Test

© i=Clicker Questions
W Professional Reference
Shelf

BY CONCEPT HIDE

fif Interactive Modules
-Web Modules

-Interactive Computer
Games
2. Living Example Problems

“uorm) HIDE

™, Asynchronous Learning
1 ChE 344
1 ChE 528

Evaluation
Self Tests i>Clicker Questions
Interactive problems Interactive multiple
with solutions to choice guestions to
provide extra practice help access your
of concepts understanding of the
material

26
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BY CHAPTER HIDE
Objectives
Living Example Problems
Extra Help
- Summary Notes

- LearnC¥

- Interactive Computer
Modules

Additional Material

Self Test

i>Clicker Questions
Professional Reference
Shelf

BY CONCEPT HIDE

Focus on Creative Problem Solving:
Strategies for Developing Creative Engineers

Kinetic Challenge |

Jonas Daunoravicius

SICTELRS]]

Prof. H. Scott Fogler

University of Michigan
Department of Chemical Engineering

Interactive Modules @

-Web Modules
-Interactive Computer

Living Example Problems

UOFM HIDE

Asynchronous Learning
ChE 344

ChE 528

INTERACTIVE COMPUTER MODULES

Kinetics Challenge 1 -- Quiz Show
Introduction to Kinetics, Status: Final Release
Details

Objectives for Chapter One

27
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Course Policies

g

Course Policies
I |

The course guidelines include, but are not limited to, the
following:

29

1. The students are expected to:

e arrive on time for all classes (lectures/tutorials). Latecomers are expected to enter
the classroom quietly.

* have their mobile phone on “Silent” and refrain from using it. | don’t want to see
your mobile phone!

* be attentive in class and engage in classroom activities. Side conversations are not
allowed.

* learn both the conceptual and computational aspects of the covered materials.

e print and bring the lecture notes and the appendices to all sessions (a must). They
are available on Blackboard or MS Teams as PDF files.

 compile all the fundamental equations in one place (e.g., A4 papers) to be used in
the classroom (not allowed in quizzes or exams)

30

9/3/2026
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Course Policies

2. A list of fundamental equations and textbook appendices will be given in the exams. You
will not need to derive the necessary equations unless you are asked to or if they are not
provided.

3. Attendance is taken at the beginning of the class.

4, Coursework (project report or other work) submitted after the stated deadline will be
subjected to grade deductions.

5. There will be both announced and unannounced quizzes. If you miss a quiz, you will
receive a grade of zero for that quiz (no make-up quizzes).

6. Recording classroom activities or taking pictures in the classroom is not allowed.

7. There is zero tolerance for cheating and plagiarism.

31

L Mole Balances

Prepared by: Dr Shaker Haji - CHENG 323

32
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In this Chapter

Introduction

Definitions

General Mole Balance Equation
Batch, CSTR, PFR, PBR

33

Chemical Reaction Engineering (CRE)

Chemical Reaction Engineering (CRE) is the
field that studies:

the rates and mechanisms of chemical
reactions (chemical kinetics), and

the design of the reactors in which they take
place.

5

10 min

34
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Chemical Identity

The identity of a chemical species is determined by the
kind, number, & configuration of that species’ atoms.

Changing one of the above leads to completely
different chemical species; examples:

changing kind of atoms: O, vs. CO

changing number of atoms: O, vs. O,

changing configuration of atoms (structure): C,H,O

H

-

Ethylene Oxide: Q Acetaldehyde: H O Ethenol: C\)

He \nH L& H. _.C
N e ¢

H H H b
35
@

Chemical Identity

Sucrose (table sugar) is digested in the body via the enzyme
sucrase to glucose (blood sugar) and fructose (fruit sugar).
What makes these two compounds different chemical species
although they have the same chemical formula (C,H,,0,)2

Is it the kind, number, or configuration of the atoms?

H‘t(“:4o CH;0H
H—:L"}—OH 93:0
HO—C—H HO—C—H
H—C—OH H—C—OH
H—:(‘B—OH H—C~OH
‘CH,OH CH,0H
glucose fructose

Ref: Wikipedia.com

36

9/3/2026
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Ref: Wikipedia. Butylene (1-Butene) Isobutylene (2-methylpropene)

Chemical Identity

A chemical species is said to have reacted when it has lost
its chemical identity.
There are three basic ways a species may lose its

chemical identity:

N2 + 02 S 2NO (nitrogen monoxide; nitric oxide)

Y H CH,

37

d

Reaction Rate

During a chemical reaction, some species are consumed

while others are generated.

In this classical approach to chemical change, it is
assumed that the total mass is neither created nor

destroyed.

Chemical rxn:  H, + 20, —» H,O

Is there a non-classical approach to chemical change?
Another type of rxns?

38

9/3/2026
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Reaction Rate

The is the rate at which a species loses its
chemical identity per unit volume.

i.e. the rxn rate is the number of moles of species i
reacted per unit volume per unit time.

The rate of a reaction (mol/L:s) can be expressed as
either

the rate of Disappearance (Consumption): —r,
or as

the rate of Formation (Generation): r,

39

Reaction Rate

Consider the isomerization A=>B

r, = the rate of formation of species A per unit volume
—r, = the rate of disappearance of species A per unit volume

What is ry ¢

ry = the rate of formation of species B per unit volume

40

9/3/2026
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Reaction Rate

A->B (isomerization)

If species B is being formed at a rate of 0.2 moles per
decimeter cubed per second, i.e., r; = 0.2 mole/dm3/s, then

A is disappearing at the same rate.

A is disappearing at a rate which is written as:
—r,= 0.2 mole/dm3/s

The rate of formation (generation) of A is
r,= —0.2 mole/dm?3/s

Do you recall Kirchhoff's current law?!

41

Reaction Rate

The is the rate at which a species loses its
chemical identity per unit volume (mol/dm3/s).

For a catalytic reaction, we refer to —r,', which is the
rate of disappearance of species A on a per mass of
catalyst basis (mol/g_./s).

The heterogeneous reaction rate can also be
expressed on a per catalyst surface area, where it is
referred to as —r," (mol/m?2/s).

42

9/3/2026
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Mathematical Definition of Reaction Rate

The of a chemical reaction rate has
been a source of confusion in the literature.

dc
It is common to see the rate of rxn defined as: r, = d_tA

This definition is wrong! dC, /dt is not the rate of reaction.

The above eq. is simply the mole balance for a constant
volume batch reactor

This eq. does not apply to any continuous flow reactor
operated at steady state (e.g. CSTR where C, #f(t))

Read @ home

43

Mathematical Definition of Reaction Rate

So what is the rate of rxn and what is its equation?

The rate of rxn (r;) is the number of moles of species i generated

per unit volume per unit time.

The equation of the rxn rate (i.e., rate law) is an algebraic
equation that is solely a function of the properties of the
reacting materials and reaction conditions at a point in the sys.
The rate equation is independent of the type of reactor (e.g.,
batch or continuous flow) in which the reaction is carried out.

However, because the properties and rxn conditions of the
reacting materials may vary with position in a chemical reactor,
it can vary from point to point in the system.

44

9/3/2026
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Mathematical Definition of Reaction Rate

The reaction rate equation (rate law) is an algebraic equation,

not a differential equation.
For example, for A = B, the reaction rate could be:

k1Ca

_ — —_ et 2 — -
Ta kCA T4 kCA Ta 1+ k,C,

45

Reaction Rate

The reaction rate, and therefore, the reaction rate
equation (rate law) is function of the:

properties of the reacting materials (H, vs. N,)

reaction conditions (T, C,, P, etc.)
The reaction rate equation is independent of the type

of reactor (batch or continuous-flow, etc.)

46

9/3/2026
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Reaction Rate

The reaction rate is function of the properties of the reacting

materials and reaction conditions

For a given set of reacting materials and rxn environment

(solvent, phase...efc),

For catalyzed reactions, the rxn rate is also function of the

catalyst activity.

47

1.2 The General Mole Balance Equation

. . System
We want to perform a mole balance on species I/Volurne

around the

shown here:

Recall that for conserved quantities the balance is:
Accumulation = Input — Output
While for non-conserved quantities it is:

Accumulation = In — Out + Generation — Consumption

Or: In — Out + Generation = Accumulation [mol/s]
to the from within within
sys the sys the sys the sys
48
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x

1.2 The General Mole Balance Equation .

Examine the shown below:
What are Fy, F, & G2 /f:zﬁ:::
Units of G, = mole i/s
Fi()
r; = mole i/Ls —_—
Why r, = f (V) ¢

Calculate G, from r..

49

1.2 The General Mole Balance Equation

Examine the shown below:
What are Fyo, F, & G2 /%E:’:
Units of G, = mole i/s
Fi()
r. = mole i/Ls —
Why r. = f (V) ¢

Calculate G, from r,.

Calculate G; if all the sys. variables (e.g. C, T, P, cat
activity) are spatially uniform throughout the sys. volume.

If r, #f (V), then G, = rV.

However, this is not the case here, i.e. r; = f (V).

50
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1.2 The General Mole Balance Equation

Systemn

/ Volume

Perform a mole balance on species i
in the
shown here:

In — Out + Generation = Accumulation

51

General Mole Balance

From this we can develop
the design equations for the various types of industrial
reactors: batch, semibatch, & continuous-flow.

Upon evaluation of these equations, we can determine the
(batch) or (continuous-flow) necessary
to convert a specified amount of reactants to products.

52
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o r—

General Mole Balance Equation:
1.Batch Reactor
2.Continuous Stirred Tank Reactor (CSTR)

Prepared by: Dr Shaker Haji - CHENG 323

53

1.3 Batch Reactors
I |

71 A batch reactor has neither inflow nor
outflow of reactants or products while
a reaction is being carried out.

Hand holes for
charging reactor

01 The reaction takes place during that A o

time. AR
Connection for
heating or
cocling jacket

0 A typical batch reactor consists of a
tank with an agitator and integral
heating /cooling system.

BN,

Agilator

Figure 1-5(2) Simple batch homogeneous
reacior. [Excerpted by special permission
from Chem. Eng., 63(10), 211 {Oct. 1956).
Copyright 1956 by McGraw-Hill, [nc., New
York, NY 10020.}

54
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1.3 Batch Reactors

In the batch reactor, it is assumed that the reaction
mixture is perfectly mixed.
What does that imply?

Therefore, there is no variation in the rate of reaction
throughout the reactor volume.

Dispersimax Pn-:h.e-l Bls.de
Heliral urbines

Mixing pq'r'rerns in a batch reactor or CSRT [Encyclopedia of Eqmpmen'r]

55
1.3 Batch Reactors
What are the batch reactor uses, advantages, and
disadvantages?

56
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1.3 Batch Reactors

A batch reactor is used for:
Study reactions in labs (kinetic data)
Testing new processes that have not been fully developed
Small-scale operation (low demand or expensive products)

Processes that are difficult to convert to continuous @
operations

Batch reactor symbol [wiki]

57
1.3 Batch Reactors
Advantages of batch reactors
High conversions through leaving the reaction
mixture in the reactor for long periods of time.
Disadvantages of batch reactor:
Batch bol
High labor costs per batch ore re[qc,f:]r e
The variability of products from batch to batch
B G -
Difficulty of large scale production :
(VALDRICH
mss.ssnzsm./u. @
N,N-Dimethylformamide,
minimum 99%
58
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1.3 Batch Reactors
=

Starting from the general mole balance

equation, derive the batch reactor mole

balance. dIf
Fug—Fa + [radV = —&
507 Th ITA at
FP&D = F;"-'L =1
Well mixed I rpdV =1, V
Design Equation of a .
Skl QRN
Batch Reactor. dt

10 min

59

1.3 Batch Reactors

|60 ]

Starting from the batch reactor mole
balance, find the time, t,,
necessary to reduce the initial
number of moles of A from N,, to

a final desired number N,;.

A>B 1

Nm1

0 Iy t
Figure 1-6 Mole-time trajectories.

dlf

dt

I'H-Iiur

Differential Form of Batch

Reactor Design Equation

A0
h =
N

Al

dN ,
—raV

Integral Form of Batch

Reactor Design Equation

60
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A 200-L constant-volume batch reactor is pressurized to 20 atm

N,o=73.1 mol, C,,=0.365M

15 min

How Long Does the RXN Take?

(solve in < 15 min)

P1-A:

with a mixture of 75% A and 25% inert. The gas-phase reaction
(A — B+ C)is carried out isothermally at 227°C.

Assuming that the ideal gas law is valid, how many moles of A

are in the reactor initially? What is the initial concentration of A2
(R = 0.08206 L-atm/molK)

A—» B+C

61

(solve in < 15 min)

How Long Does the RXN Take?

CDP1-A:
A 200-L constant-volume batch reactor is pressurized to 20 atm

with a mixture of 75% A and 25% inert. The gas-phase reaction
(A — B+ C)is carried out isothermally at 227°C.

o If the reaction is first order, —r,=kC, with k = 0.1 min™', calculate
the time necessary to consume 99% Of A. [Solve the ODE in terms of N,]

A—» B+C

t =46 min

CHENG 323

62

9/3/2026

28



Dr. Shaker Haji, University of Bahrain

(solve in < 15 min)

CDP1-A:
A 200-L constant-volume batch reactor is pressurized to 20 atm

01 Determine the pressure at the calculated time

How Long Does the RXN Take?

with a mixture of 75% A and 25% inert. The gas-phase reaction
(A — B+ C)is carried out isothermally at 227°C.

A—» B+C

CHENG 323

63

How Long Does the RXN Take?

(solve in < 15 min)

CDP1-A:
A 200-L constant-volume batch reactor is pressurized to 20 atm

with a mixture of 75% A and 25% inert. The gas-phase reaction
(A — B+ C)is carried out isothermally at 227°C.

1 Determine the pressure at the calculated time

A—» B+C

P =34.85 atm

64
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How Long Does the RXN Take?

65 ]
CDP1-A (modified):

A 200-L constant-volume batch reactor is pressurized to 20 atm
with a mixture of 75% A and 25% inert. The gas-phase reaction
is carried out isothermally at 227°C.

0 Assuming that the ideal gas law is valid, how many moles of A
are in the reactor initially? What is the initial concentration of A?
(R = 0.08206 L-atm/molK)
o If —r,=kC,2 with k = 0.7 L/mol.min, calculate the time necessary
to consume 99% of A. A—» B+C

S—

0 Determine the pressure at the calculated time.

Nyo=73.1 mol, Cyy=0.365M, P = 34.85 atm, ¢ =386.9 min

65
Done by Marwa Alwadi 20195477
Rate vs Conv. for First & Second Order
0.1
0.09
0.08
0.07
0.06
——First Order
< 005
' ——Second Order
0.04
0.03
0.02
0.01
0
0 0.2 0.4 0.6 0.8 1
X
66
66
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- »
1.4 Continuous-Flow Reactors
e
A—-B Feed.
::d_> ::f_ogl-’ﬂ B PFR
CSTR PBR
The story of:

Goldilecks and

the Three Continuous-Elow § E
Reactors

www.rounds.com

68

1.4 Continuous-Flow Reactors
o]

7 In a continuous-flow reactor, reactants are
continuously fed into the reactor and emerge as
continuous stream of product.

71 Continuous flow reactors are almost always operated at
steady state.

o1 We will consider three types:

Continuous Stirred Tank Reactor (CSTR)
Plug Flow Reactor (PFR)

Tubular Reactors
Packed Bed Reactor (PBR)

69
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1.4.1 Continuous-Stirred Tank Reactor

-1 CSTR is used primarily for liquid phase reactions and is

normally operated at steady state.
7 It is assumed to be perfectly mixed. So?

= Therefore, T & C; are the same at the exit point as they

are elsewhere in the tank.

Feed R 1)
|
Caor T
Aor 1o Reactants
™~
Cooling
Water Enter
el TR
o q oo eted)
oling
A i
Water Exit > Products
.
CSTR symbol [wiki] Produe
70

1.4.1 Continuvous-Stirred Tank Reactor

. CAOI TO
Starting from the general mole balance

equation, derive the CSTR mole balance

equation for A.

CSTR symbol [wiki]

71
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1.4.1 Continuous-Stirred Tank Reactor

Starting from the general mole balance
equation, derive the
for A.

CSTR symbol [wiki]

Fpo — Fa

V =

The CSTR design equation gives the reactor volume V
necessary to reduce the entering flow rate of species A, from
F .o to the exit flow rate F,, when species A is disappearing

at a rate of —r,.

72

1.4.1 Continuvous-Stirred Tank Reactor

Fan

Fpo — Fa

V=

Solve for F,:
rF,=F,, + V-r,
Compare to the mole balance in CHENG 111

(I;Ii)out = (l;li)in TV, 5

What cannot be done with the CHENG 111 equation & why?

Fa

73
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1.4.1 Continuous-Stirred Tank Reactor

0 For liquids, how the molar flow rate of A (F,) is quantified?

0 F, can be calculated from the concentration C, & the volumetric

flow rate v (lowercase Upsilon) as:
F,=C,-v
J  Hence the design equation
can be rewritten as:

V= VoCag—vC,

CuT

2 HowcanC, & v be

measured? CSTR symbol [wiki]

74

3.2b Flow Rate Measurement o

| Aflowmeter: is a device mounted in a process line that provides a continuous reading
of the flow rate in the line.
Two commonlyused flowmeters are:
1. rotameter

!f NCE ] 15
t s .

i': TAPERED {=
E| e

2. orifice meter
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Prepared by: Dr Shaker Haji - CHENG 323

76

o —

General Mole Balance Equation:

3. Plug Flow Reactor (PFR)
4. Packed Bed Reactor (PBR)

Prepared by: Dr Shaker Haji - CHENG 323

Tubular
Reactors

78
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o1 Tubular Reactor consists of cylindrical pipes
and is normally operated at steady state.

0 It is used most often for gas-phase
reactions.

1.4.2 Plug Flow Tubular Reactor

Polyethylene reactor; this 16-in inner-diameter reactor is
designed to operate at 35,000 psi and 600°F
tion, this reactor is in a vertical configuration. Courtesy
of Autoclave Engineers, Division of Snap-tite, Inc.

in opera-

79

reactants are continually
consumed as they flow down the
length of the reactor.

01 Hence, the reaction rate varies
axially (except for zero-order
rxn)

1.4.2 Plug Flow Tubular Reactor

o1 In the tubular reactor, the Fao

Fal

80

CHENG 323
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1.4.2 Plug Flow Tubular Reactor
m

0 The fluid-flow through the tubular reactor may be modeled as a
flow of a series of infinitely thin coherent "plugs", each with a
uniform composition.

0 The plugs are viewed to be traveling in the axial direction of the
reactor, with each plug having a different composition from the
ones before and after it.

0 As the plug flows down the reactor the reaction takes place,
resulting in an axial concentration gradient. ‘

81

1.4.2 Plug Flow Tubular Reactor

I I —

01 As the plug flows down the reactor the reaction takes place,
resulting in an axial concentration gradient.

Operation of a PFR & the reactants & products concentration profile [Encyclopedia of Equipment]

82
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1.4.2 Plug Flow Tubular Reactor

[

11 The key assumption is that as a plug flows through a PFR, the
fluid is perfectly mixed in the radial direction but not in the
axial direction (forwards or backwards).

1 What can each plug be modeled as? i.e. what type of reactor
(Batch/CSTR)?

Schematic diagram of a Plug Flow
Reactor (PFR) [wiki]

83

1.4.2 Plug Flow Tubular Reactor

84 ]

11 The key assumption is that as a plug flows through a PFR, the
fluid is perfectly mixed in the radial direction but not in the
axial direction (forwards or backwards).

o What can each plug be modeled as? i.e. what type of reactor
(Batch /CSTR)?

0 Each plug of differential volume is considered as a separate
entity, effectively an infinitesimally small batch reactor, limiting
to zero volume. ‘

0 Plugs of reactants are continuously
fed into the reactor.

o1 Here, we are looking at the
FLOW as small PLUGS.

Schematic diagram of a Plug Flow
Reactor (PFR) [wiki]

84
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1.4.2 Plug Flow Tubular Reactor

Now we will look at the REACTOR as small SEGMENTS.

What can each segment be modeled as? i.e. what type of
reactor (Batch/CSTR)?2

PFR can also be viewed and modeled as large number of
CSTRs in series.

Every segment, which is infinitesimally small, can be viewed
as a CSTR.

Figure 2-5 Modeling a PFR with CSTRs in series.

85
- »
1.4.2 Plug Flow Tubular Reactor ==
v
dN,
F,—F+|r-dVy=—=
i0 i ‘([ i dt 9 GMBE
The PFR can be derived from the GMBE
in two ways:
Apply GMBE on AV Vad
- AR
Vo veav
Apply GMBE on the whole V, then differentiate wrt to V
Fo—63 Vs,
87
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Apply GMBE on AV

The AV is chosen sufficiently small
such that there are no spatial variation
in reaction rate within this volume.

88

AV

/

L))

T
v

T
V+AV

88
4
dN,
Fy=F+[r-dV == 3 cmse
7 dt
Apply GMBE on the whole V, then differentiate wrt to V
Fip —) > F,

89
89

CHENG 323
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1.4.2 Plug Flow Tubular Reactor

flow rate from F,, to the exit molar flow rate of F,.

% =r, FAU—é) >—>FA

Find the volume, V, necessary to reduce the entering molar

dF,
r

A

F
V=l

90

1.4.2 Packed-Bed Reactor

=

The fluid-solid heterogeneous rxns take place on the surface
of the catalyst.

AW

Consequently, the rxn rate is based on mass of solid catalyst,
W, rather than on reactor volume, V.

The rate of rxn of a substance A is, therefore, defined as:

~rs =mol A reacted/s- g catalyst

The mass of solid catalyst is used because the amount of the
catalyst is what is important to the rate of product formation.

C

25 min

92
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1.4.2 Packed-Bed Reactor
[
PBR a N
T WA [eaw = N,
0% ° t
Steady State % =10
dt
Fyg —Fy + Irf’; g9 = 0 Differential Form:
o dF,
Differentiate with respectto W and rearrange L rA
dw
94

l=M ) ) o )—;FA

W W+ AW
: ] Product gas
iAW |

A — :3:'? 53 > Fa(W + AW)

XX

Figure 1-14 Packed-bed reactor schematic.

-iigiiet Coolant
Feed gas I ‘i!!!fg
Catalyst Tube ‘£3Eﬁf’.! Coolant-Side
‘?::EF“"
pEtRiLL
inl el BER | 3 |
11111
Coolant ;'f:ﬂ
BEERSRES!
Coolant VITLIE
ooanl ’I:LE{IZ
EENEREN

Feed gas

Figure 1-13  Longitudinal catalytic packed-bed reactor.
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Dedication, Perseverance. Persistence. Willpower

96

H\C H H\C CHs _

. 2 =C —— / =C\ @

How Large is the Reactor? &G en, &n Do
cis-2-butene trans-2-butene

Example 1-1: (solve in < 10 min)

Consider the liquid phase cis — frans isomerization of 2-butene shown
above which can be written symbolically as A>B.

The first order (-r, = kC,) rxn is carried out, isothermally, in a tubular

reactor in which the volumetric flow rate, v, is constant.

1. Starting from the design equation, derive an algebraic eq.
that relates V to C,,, C,, L, & k.

97
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H\C H H\C cH,

o 2 ==, R ——— P =C\

How Large is the Reactor? & en, 4.
cis-2-butene trans-2-butene

Consider the liquid phase cis — frans isomerization of 2-butene shown

above which can be written symbolically as A>B.

The first order (-r, = kC,) rxn is carried out, isothermally, in a tubular

reactor in which the volumetric flow rate, v, is constant.

Starting from the design equation, derive an algebraic eq.
that relates V to C,, C,, L, & k.

Determine the reactor volume necessary to reduce C, to 10%

of C, when the v is 10 L/min and the specific rate constant,

o k, is 0.23 min'.
014G V :%111[2A0j=100 L
A
98
H\C ) H CH, o
. C=c, — =C @
How Large is the Reactor? &, e, & w 52
cis-2-butene rrans-2-butene

[C,=0.1 C,y, L =10 L/min,

k=0.23 min!, —r, = kC, ]
For the same conditions & requirements of

Example 1-1 (PFR), calculate the volume of a CSTR.

V =400 L

99
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H\C M H\‘C=C/CH3 C;§|
° =C _—
How Large is the Reactor? &, i, &

cis-2-butene trans-2-butene

40 min

Problem 1-6: [CAo=0.1 C,y, L =10 L/min,
k=0.23 min', —r, = kC, ]

For the same conditions & requirements of

Example 1-1 (PFR), calculate the volume of a CSTR.
Which volume is larger, the PFR or the CSTR2 Explain why.

In order to answer the above question, compare the following:

PFR range: range:
CSTR
100
H\c / \C=C/CH3
. =C. —_—
How Large is the Reactor? & om,  dn, m
cis-2-butene trans-2-butene

Problem 1-6:

For the same conditions & requirements of Example 1-1 (PFR),

calculate the volume of a CSTR.
Which volume is larger, the PFR or the CSTR? Explain why.

In order to answer the above question, compare the following:

PFR ~100  range: Cpo— 0.1 Cy range: kC,q— 0.1 kC,,

CSTR ~400 0.1 C,, 0.1 kC,,

102
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How Large is the Reactor?

H M H\C=C/CH
>C$C AN

CH; CH; - CH; H

cis-2-butene trans-2-butene

3

[CA=0.1 C,o, L =10 L/min,

k=0.23 min"", —r, = kC, ]

)—50-1CA0

PFR ~100 range: C,q— 0.1 C,g

CSTR  ~400 0.1 Cuo

range: kC,q— 0.1 kC,,

0.1 kCpo

103

104

104
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Lecture 5 — Week 2

- Industrial Reactors & Reactions

Prepared by: Dr Shaker Haji - CHENG 323

105

Examples of Industrial Reactions

2 Hydrodesulfurization Reactor (small vessel), NiMo catalyst:
R-S-H + H, > R-H + H,S

o Two H,S
Absorbers/Reactors,

Zinc Oxide Bed:
H,S + ZnO — H,O + ZnS

106
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Examples of Industrial Reactions

In industry, synthesis gas (H,/CO) is produced from natural
gas (CH,) through:

1. Steam Reforming:
CH4 + H,O <> CO +3Hs AH = 4206 kJ/mole
2. Partial Oxidation:
1
CH4 + EO;,(—) CO +2H; AH = —38kJ/mole
3. Autothermal Reforming:

both together in the same reactor

107

Industrial Reactors:

1_]"/'

i | 'l""'!ml b

Hydrogen Production:
Natural Gas Reforming —

Steam Reforming
CHy + HgO <> CO +3H, AH = 4206 kJ/mole

9/3/2026
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Industrial Reactors:

Natural Gas Reforming -

Catalytic Partial Oxidation

1 ¢
CH; +-0, — CO+2H, AH = —38kJ/molec ¥

Examples of Industrial Reactions

Hydrogen Production:

(secondary reformer)

2
109
Examples of Industrial Reactions
110 ]
High Temperature & Low Temperature Water Gas Shift
Reactors
CO+H,0@)«—CO,+H, 205 =—41.2 kJ/mol
110
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Industrial Reactors

111

CO+H,0@)«—CO,+H, AH;=-41.2kJ/mol

High Temperature Shift Reactor Shift Reactor
Catalyst: Fe Oxide-based Catalyst: Cu Oxide-based
T =330-470°C T = 200-250°C
Viyr = 40% of V, Vi; =40-50% > V,;
X =75% (in the reactor) X = 90% (in the reactor)
X,=75% X,= 98% (compared to HT feed)

The above values are typical values for WGS reactors

111

112 |
Ammonia Convertor

N,+3H, —— 2NH,

AH)= —92.2 kJ/mol

Catalytic Partial Oxidation

(secondary reformer)

112
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Industrial Reactors

Industrial Reactors:

Hydrotreating Reactors

113

Industrial Reactors

Industrial Reactors:

Spherical Reactors

114
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Industrial Reactors

Industrial Reactors:

Batch Reactor

115

116

Industrial Reactors

Industrial Reactors:

Automotive Catalytic Converter:

i f K%

(i J'L/

www.harleycustom.co.uk

Primary Heated
0, Sensor

Exhaust
Manifold

”" Mid Pipe
Pipe A

Secondary Heated
0, Sensor

Three-way
Catalytic
Converter

Exhaust

Exhaust
Pipe B

hdabob.com

116
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Industrial Reactors

17

Industrial Reactors:

Automotive Catalytic Converter:

Cat
toxic byproducts — less toxic
exhaust
Converts:
CO — CO,

CH, — CO,+ H,0
NO, — N,

www.autopartsnerd.com

117
I gas products + hydrogen
°
IndUSTrIGI ReqCTorS feedstock
¥ 7~ A liquid products
catalyst ﬂ | Y | \1} + catalyst
118 fi P
Slurry Phase Distillate Reactor bl | L b |steam
[ - A —
(N ] catalyst liquid
products
hydrogen

Schematic diagram of a typical slurry-phase hydrocracker.

Energy Fuels 2019, 33, 9, 7917-7949

LTI

Slurry reactors:

They are three-phase reactors, meaning they can be

used to react solids, liquids, and gases simultaneously.

They usually consist of a catalyst (solid) suspended in a
liquid, through which a gas is bubbled.

Example: Sasol Low Temperature Fischer Tropsch™
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Industrial Reactors

Industrial Reactors:

Fixed Bed Reactors

119

ORYX GTL Plant, | :
Qatar > '

Industrial Reactors

Straight Through Transport Reactor (STTR) in use for a
Fisher-Tropsch synthesis reaction

The Fischer—Tropsch process:

is a collection of chemical reactions
that converts a mixture of CO & H,
into liquid hydrocarbons (fuel).

http://www.oryxgtl.com.qa

120
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1.5.1 Liquid-Phase Reactions
a1 ]

Semibatch reactors and CSTRs are used primarily for liquid-
phase rxns. (what is semibatch reactor?)

A semibatch reactor has essentially the same disadvantages as
the batch reactor. (mention 3 of these)

However, it has the advantages of:
- T control by regulation of the feed rate
- the capability of minimizing unwanted side rxns through the
maintenance of a low conc. of one of the reactants:
A+ B —> D desired rxn
A +D — U undesired rxn

The semibatch reactor is also used for two-phase rxns in which
a gas usually is bubbled continuously through the liquid.

121

1.5.1 Liquid-Phase Reactions
iz |

A CSTR is used when intense agitation is required.

Tantk 1-1.  REPRESENTATIVE PFAUDLER CSTR/BATCH REACTOR
Si1zes aAnD 2004 PRICES

Volume Price | Volume Price

5 Gallons $29.000 | 1000 Gallons $85.000
(wastebasket) (2 Jacuzzis)

50 Gallons $38,000 | 4000 Gallons $£150.000
(garbage can) | (8 Jacuzzis)

500 Gallons $70.000 | 8000 Gallons $280,000
(Jacuzzi) | (gasoline tanker)

122
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The CSTR can either be used by itself or as part of a series or
battery of CSTRs. Feed Feed — — Fees

Feed

Figure 1-16  Battery of stirred tanks, y

~/
Heating or
cooling jackets Product

Advantage: Easy to maintain good T control with a CSTR; why?
Because it is well mixed.

Disadvantage: The concentration of reactant per volume of
reactor in CSTR is the smallest of the flow reactors. So2

So, very large reactors are necessary to obtain high conversion.

If you are not able to afford to purchase a new reactor, it may
be possible to find a used reactor that may fit your needs.

123

1.5.2 Gas-Phase Reactions

Gas-phase reactions are often carried out in tubular reactors.
The tubular reactor is relatively easy to maintain (no moving
parts).

It usually produces the highest conversion per reactor volume of

any of the flow reactors.

The disadvantage of the tubular reactor is that it is difficult to
control T within the reactor & hot spots can occur when the rxn is

exothermic.

Most homogeneous liquid-phase flow reactors are CSTRs,

whereas most homogeneous gas-phase flow reactors are tubular.

124
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1.5.2 Gas-Phase Reactions
N

o The tubular reactor is commonly found either in the form of
one long tube or as one of a number of shorter reactors

arranged in a tube bank.

www.hydrocarbonprocessing.com

http://www.stamixco-usa.com/

125

11 The cost of PFRs and PBRs (without catalyst) are similar to the
costs of heat exchangers.

o1 A packed-bed (also called a fixed-bed) reactor is essentially
a tubular reactor that is packed with solid catalyst particles.

Feed gas Feed gas

- Heat
carrier

Heat
carrier

126

Fixed Bed Reactor, by GERHART EIGENBERGER

126
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Feed gas Feed gas

This heterogeneous reaction system H{ \ /lR

is most often used to catalyze gas [~ T e
H o atalyst bed;
reactions. &
Disadvantages: { Heat
1 J:_'_ carrier

(- L
This reactor has the same \ E/
\} |

difficulties with T control as the
other tubular reactors.

The catalyst is usually troublesome to replace.

Channeling of the gas flow occurs, resulting in ineffective use

of part of the reactor bed. — RS =8E %_.
T ) §
R R

Advantage of the packed-bed reactor:

For most reactions PBR gives the highest conversion per
weight of catalyst of any catalytic reactor.

127
Another type of catalytic reactor in common use is the
Fluidized-bed reactor.
Lean phase
Incipient or Aggregative fluidization
minimum ar bubbling with pneumatic
Fixed bed fluidization fluidization Slugging transport
e
P
RE - GECEE D A
Gas or ligquid Gas or liguid Gas Gas Gas or liquid
{low velocity) (high velocity)
(a) (k) (c) (d) ()
128 D. Kunii and O. Levenspiel, Fluidization Engineering
128
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The fluidized-bed reactor is analogous to the CSTR
in that its contents, though heterogeneous, are

well mixed.

Which results in an even T distribution throughout

the bed, thus avoiding hot spots. Gas or liquid

The fluidized-bed reactor can only be approximately modeled

as a CSTR; for higher precision it requires a model of its own.

This type of reactor can handle large amounts of feed & solids
and has good T control; thus it is used in a large number of

applications.

Advantages: the ease of catalyst replacement or regeneration.

129

130

Regenerator

E %Shol 1%'
Compressed air Furnace

The advantages of the ease of catalyst replacement or
regeneration are sometimes offset by the high cost of the
reactor and catalyst regeneration equipment.

Flue gas

Products

Reactor

Steam

Naphtha and =

Catalyst recycie gas {"‘r' :

Shot and
catalyst

Bapco’s
Fluidized-Bed Catalytic Reactor Fluidized Catalytic Cracking Unit, FCCU
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1 In this chapter, and on the CD-ROM, we've introduced each
of the major types of industrial reactors: batch, semibatch,

stirred tank, tubular, fixed bed (packed bed), and fluidized
bed.

01 Many variations and modifications of these commercial
reactors are in current use.

131

132

Complete  Quiz
Susgested ]

Problems #1 #4757
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  I = V / R


  R = 𝜌 L / A


   j " =  I A =  1 𝜌 ∙  V L = 𝜎 ∙  V L


   j " = 𝜎 ∙   d V  d x


   N A " = −  D AB ∙   d  C A  d x


   q x " = − k ∙   d T  d x


   q " = h ∙ ∆ T


   N A " =  k c ∙ ∆  C A


   q " = U ∙  (  T a − T )


  V =    F  A 0 −  F A  −  r A


  V =    F  A 0 −  F A  −  r A


    d  F A  d W =  r A ′


  V ≃ 400  L
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