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Preface

To the Student

Chemical engineers are making a difference in our world, and this book was written

to introduce you to this exciting field. You will learn that chemical engineering is a broad

and versatile discipline, that it is involved in producing the vast array of products in our

everyday life, and that it plays a vital role in addressing the “Grand Challenges” of today

and tomorrow, such as providing clean water, clean and sustainable energy, and improved

medical care. As part of your introduction to chemical engineering, you will be led step by

step through a chemical engineering project that illustrates important aspects of the disci-

pline and how they are connected. At each step, you will be presented with a new aspect of

chemical engineering and have the opportunity to use what you have learned to solve engi-

neering problems and make engineering decisions. You will also read about the application

of chemical engineering to issues such as providing humanitarian service, improving med-

ical technology, and protecting our environment. This book is intended to help you as you

decide on a career and contemplate the impact that you will make on the world. It is our

hope that you will learn much, and that you will enjoy the experience.

To the Instructor

This book was written to address a number of needs of freshman students, including

(among others) their need (1) for information to assist them in deciding whether to major

in chemical engineering and (2) for help (for those who choose this major) in recognizing

in later courses the connections between advanced topics and relationships to the whole

discipline.

INTENDED AUDIENCE

This text is designed for an introductory course for first-year college students in-

terested in chemical engineering, a course that would precede the traditional mass-and-

energy-balance course taught early in the program (e.g., the sophomore year). Portions of

this text may also be useful for the chemical engineering component of a broader freshman-

level course examining multiple engineering fields.

OBJECTIVE AND SCOPE

This book is intended to help first-year college students experience chemical engineer-

ing to the fullest extent possible within the constraints of limited time and limited student

background. Thus, it provides a broad, shallow sweep through the entire discipline and

teaches freshmen how to solve engineering problems, including quantitative problems.

Topics, carefully tailored to a level appropriate for beginning students, include material

balances (steady reacting and non-reacting single systems), fluid flow (mechanical engi-

neering equation only, including the sizing of pumps), mass transfer (diffusion and con-

vection), chemical reactor design, heat transfer (including heat exchanger design), materi-

als, and engineering economics. A number of qualitative treatments are also presented on

topics such as problem solving, teamwork, and ethics, with appropriate homework assign-

ments. Process control, a more advanced topic, is also introduced qualitatively.

ix
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APPROACH AND ORGANIZATION

The book leads the students from start to finish through a small design problem of a

simple chemical process. In the first chapter, the student is asked to adopt the role of a

chemical engineer on the job, and the design problem is introduced in the form of a memo

from the student’s supervisor. Chemical engineering is defined, and its critical role in ad-

dressing the “Grand Challenges” of today and tomorrow is discussed. The second chapter

introduces the concept and basic elements of chemical processes and their representation

using process flow diagrams. Throughout the remainder of the book, the students are led

step by step through the design problem from initial problem definition to economic eval-

uation. At each step along the way, the concepts, principles, and equations necessary to

accomplish the task at hand are introduced, an additional feature of the design is com-

pleted, and the process flow diagram is expanded to include that new feature. Thus, the

student can see how the various aspects of chemical engineering integrate together to com-

prise an entire chemical process.

DESIGN PROBLEMS
Besides the design problem that forms the central storyline throughout the book, two

additional design problems in Chapter 14 serve as possible case studies. These team-based

design problems, used by the authors for a number years, require the use of, and rein-

force, the skills taught throughout the semester. Recently, we have also explored the use of

“hands-on” projects that have been well-received by students (see the Instructor’s Manual).

OUTCOMES AND BENEFITS

The overview of chemical engineering presented in this text helps students to form a

conceptual “skeleton” of the discipline. This overview helps students to make an informed

decision regarding chemical engineering as a career choice. Also, students who continue

with the major are provided with an overall view of the discipline that has traditionally

been lacking. They can now recognize how their subsequent courses fit into the “big pic-

ture.” Their connection with their chemistry and physics courses is also enhanced as they

recognize applications for those principles in their engineering field. Thus, this introduc-

tory course leads to a richer experience in later classes by providing both perspective and

background – i.e., the “’skeleton” – around which technical depth or “meat” is organized

and filled in during the study of advanced topics. Finally, this text enables students to begin

their educational program with an integrated experience and then end in similar manner in

their senior design course.

NEW TO THIS EDITION
This edition has an increased focus on contemporary applications of chemical engi-

neering (humanitarian, biomedical, energy, etc.), as reflected by the new title (the title of

previous editions was “Introduction to Chemical Process Fundamentals and Design”).

• NAE’s “Grand Challenges”: The recommendations of the National Academy of

Engineering have been added, along with brief statements about the leadership role

of chemical engineering in addressing many of those challenges.

• Contemporary Applications: Discussions have been added to the end of most

chapters providing examples of how topics in the chapter are applied to current

problems of society to help motivate student study of the topics.

• Ethics: The AIChE Code of Ethics has been added, along with discussion and ex-

amples (including a homework exercise) illustrating its application.
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• Homework Problems: Additional homework problems have been added to support

the new content and illustrate important applications.

• Refinements: Corrections, clarifications, and improvements have been added as

guided by our own experience and by feedback from students and colleagues. This

included format changes that help students identify and locate key content.

HALLMARK FEATURES

Relevance: The text helps students recognize how what they are learning in their engi-

neering, chemistry, and physics courses applies to professional practice and how chemical

engineering will play a critical role in solving important global challenges.

Problem-Solving: The content helps beginning students develop problem-solving skills,

including the ability to solve quantitative problems appropriate for students at their level.

Introduction to Design: Following the central storyline throughout the book, students

are led step by step through a chemical engineering project, and perform a variety of design

calculations as a basis for defining a new chemical process.

Assessment, Practice, and Self-Study Resources: The text includes a variety of re-

sources to help students learn the concepts and skills presented.

• Reading Questions help students think about what they’ve read.

• Homework Problems help students practice the skills that they’ve learned. Most

problems are quantitative, but a number of problems require the students to reflect

upon and write about what they’ve learned.

• Case Studies give students the opportunity to apply what they’ve learned in a num-

ber of areas to the solution of a design problem.

Spreadsheets: Students are introduced to spreadsheets, and homework problems through-

out the book give the students practice with this tool.

Engineering Teamwork, Ethics, and Creative Problem-Solving: These topics begin

building the student’s ability to guide teams of peers to creative and ethical solutions.

Introduction and Integration of Chemical Engineering Topics: The text provides

an integrated, holistic view of chemical engineering.

WEBSITE

The Web site for this book, located at www.wiley.com/college/solen, includes the fol-

lowing helpful materials for instructors:

Sample Syllabus with suggested course coverage and organization.

Lecture Slides prepared by the authors for in-class use.

Image Gallery with figures from the text, for making lecture slides or transparencies.

Solutions Manual, including solutions to all problems in the book.

Hands-on projects to complement the textbook material.

Instructors who have adopted this book for their course may visit the Instructor portion of

the Web site at www.wiley.com/college/solen to register for a password.

ACKNOWLEDGMENTS

Credit for this book goes to the students who inspired its conception and tested its ef-

fectiveness. In addition, a panel of insightful freshman students provided especially helpful

feedback in the preparation of this new edition. Appreciation is also expressed for feedback

from colleagues who used the book in their own classes. Finally, the authors will be grateful

for further suggestions as development of the book continues.



This page intentionally left blank 



Contents

CHAPTER 1 WHAT IS CHEMICAL ENGINEERING? 1

1.1 Scenario: An Assignment 1

1.2 What is Chemical Engineering? 2

1.3 The Impact of Chemical Engineering 3

1.4 The Chemical Engineering Discipline 9

Reading Questions 12

Homework Problems 12

CHAPTER 2 THE ROLE OF CHEMICAL PROCESSING 13

2.1 What is a Chemical Process? 13

2.2 Representing Chemical Processes Using Process Diagrams 16

Reading Questions 25

Homework Problems 25

CHAPTER 3 SOLVING ENGINEERING PROBLEMS 29

3.1 Strategies for Solving Problems 29

3.2 Ethical Considerations in Solving Problems 33

3.3 The Use of Teams in Solving Problems 35

Reading Questions 40

Homework Problems 41

CHAPTER 4 DESCRIBING PHYSICAL QUANTITIES 43

4.1 Units 43

4.2 Some Important Process Variables 50

Reading Questions 57

Homework Problems 58

CHAPTER 5 MATERIAL BALANCES 61

5.1 Conservation of Total Mass 61

5.2 Material Balances for Multiple Species 67

5.3 Material Balances: Summary 77

Reading Questions 79

Homework Problems 80

CHAPTER 6 SPREADSHEETS 85

6.1 The Calculation Scheme 85

6.2 Setting Up a Spreadsheet 88

6.3 Graphing 95

xiii



xiv Contents

Reading Questions 98

Homework Problems 99

CHAPTER 7 FLUID FLOW 101

7.1 What is a Fluid? 101

7.2 The Concept of Pressure 101

7.3 Non-flowing Fluids 103

7.4 Principles of Fluid Flow 106

7.5 Pumps and Turbines 115

Reading Questions 121

Homework Problems 121

CHAPTER 8 MASS TRANSFER 125

8.1 Molecular Diffusion 125

8.2 Mass Convection 127

8.3 Mass Convection with Transfer Across Phase Boundaries 128

8.4 Multi-step Mass Transfer 131

Reading Questions 139

Homework Problems 139

CHAPTER 9 REACTION ENGINEERING 141

9.1 Describing Reaction Rates 141

9.2 Designing the Reactor 146

Reading Questions 154

Homework Problems 155

CHAPTER 10 HEAT TRANSFER 157

10.1 Energy Balances for Steady-State Open Systems 157

10.2 Applications of the Steady-State Energy Balance 164

10.3 Heat-Exchange Devices 173

Reading Questions 185

Homework Problems 186

CHAPTER 11 MATERIALS 189

11.1 Metals and Corrosion 189

11.2 Ceramics 192

11.3 Polymers 193

11.4 Composites 195

11.5 Strength of Materials 196

Reading Questions 198

Homework Problems 199

CHAPTER 12 CONTROLLING THE PROCESS 201

12.1 The Need for Process Control 201

12.2 Feedback Control 203

12.3 Feedforward Control 205

12.4 Comparison of Strategies 206



Contents xv

Reading Questions 208

Homework Problems 208

CHAPTER 13 ECONOMICS 209

13.1 Costs 209

13.2 Profitability 211

13.3 Economics of the Acid-Neutralization Problem 212

13.4 Reporting the Results 214

Reading Questions 216

Homework Problems 216

CHAPTER 14 CASE STUDIES 217

14.1 Using Engineering Teams for These Case Studies 217

14.2 Case Study 1: Manufacture of Aspirin 218

14.3 Case Study 2: Manufacture of Xylenes 221

INDEX 225



This page intentionally left blank 



Symbols

Dimensions Sample Units

cA molar concentration of Species A moles/volume gmol/L

Cp heat capacity energy/(mass·temperature) cal/g ◦C

DAB binary diffusivity of Species A in Species B length2/time cm2/s

E energy energy cal

Ê specific energy energy/mass cal/g

Ea activation energy of reaction energy cal

Em modulus of elasticity force/area lb f /in2

Fweight weight force lb f

g gravitational acceleration length/time2 ft/s2

hm mass-transfer coefficient length/time ft/s

h heat-transfer coefficient energy/(time·area·temperature) cal/cm2s ◦C

H enthalpy energy Btu

Ĥ specific enthalpy energy/mass Btu/lbm

k thermal conductivity energy/(length·temperature) cal/m ◦C

kr reaction rate constant variable

ko frequency factor variable (same as for kr)

m mass mass kg

mA mass of Species A mass kg

ṁ mass flow rate mass/time lbm/hr

ṁA mass flow rate of Species A mass/time lbm/hr

MWA molecular weight of Species A mass/mole g/gmol

n moles moles gmol

nA moles of Species A moles gmol

ṅ molar flow rate moles/time lbmol/min

ṅA molar flow rate of Species A moles/time lbmol/min

ṄA molar transfer rate of Species A moles/time lbmol/min

ṄA,x molar transfer rate of Species A in x direction moles/time lbmol/min

P pressure force/area lb f /in2

Q̇ rate of heat transfer energy/time J/s

Q̇conv rate of convection heat transfer energy/time J/s

Q̇cond,x rate of conduction heat transfer in x direction energy/time J/s

rcons,A molar rate of consumption of Species A moles/time kgmol/hr

r f orm,A molar rate of formation of Species A moles/time kgmol/hr

rreact,A rate of reaction of Species A moles/(time·volume) gmol/s L

R universal gas constant energy/(mole·temperature) cal/gmol ◦C

Rcons,A mass rate of consumption of Species A mass/time kg/hr

R f orm,A mass rate of formation of Species A mass/time kg/hr

T temperature temperature ◦C
U internal energy energy cal

Û specific internal energy energy/mass cal/g

Uo overall heat-transfer coefficient energy/(time·area·temperature) cal/cm2s ◦C

v velocity length/time m/s

V volume volume cm3

V̂ specific volume volume/mass cm3/g

V̇ volumetric flow rate volume/time ft3/hr

w f work of friction per mass of fluid energy/mass J/kg

ws shaft work on a fluid per mass of fluid energy/mass J/kg

Ẇ rate of work on a fluid energy/time J/s

Ẇs rate of shaft work on a fluid energy/time J/s

xvii



xviii Symbols

ẆPV rate of flow work on a fluid energy/time J/hr

x position along a linear coordinate length m

xA mass fraction of Species A none

yA mole fraction of Species A none

z elevation length ft

Greek symbols
α correction between (v2)avg and (vavg)

2 none

ε emissivity of a surface none

εx strain none

φ fractional tax rate none

νA stoichiometric coefficient of Species A none

ρ density mass/volume g/cm3

σ Stefan-Boltzmann constant energy/(time·area·temperature4) W/m2K4

σx stress force/area lb f /in2



Conversion Factors

Acceleration 1 m/s2 = 3.2808 ft/s2 1 ft/s2 = 0.3048 m/s2

Area 1 cm2 = 0.155 in2 1 in2 = 6.4516 cm2

1 m2 = 10.764 ft2 1 ft2 = 0.092903 m2

Density 1 g/cm3 = 62.43 lbm/ft3 1 lbm/ft3 = 0.016019 g/cm3

1 kg/m3 = 0.06243 lbm/ft3 1 lbm/ft3 = 16.019 kg/m3

Energy 1 J = 0.7376 ft lb f 1 ft lb f = 1.3558 J

1 J = 9.478×10−4 Btu 1 Btu = 1055.0 J = 778.1 ft lb f

1 J = 2.778×10−7 kW hr 1 kW hr = 3.600×106 J

1 J = 107 ergs 1 hp s = 550 ft lb f

1 J = 0.2390 cal

Force 1 N = 0.22481 lb f 1 lb f = 4.4482 N

1 N = 105 dynes

Length 1 cm = 0.3937 in 1 in = 2.540 cm

1 m = 3.2808 ft 1 ft = 12 in = 0.3048 m

1 km = 0.6214 mi (statute) 1 yd = 3 ft

1 km = 0.5400 nmi (nautical) 1 mi (statute) = 1609 m = 5280 ft

1 nmi (nautical) = 1.8520 km

Mass 1 g = 0.03527 oz 1 oz = 28.35 g

1 kg = 2.2046 lbm 1 lbm = 16 oz = 453.6 g

1 metric ton = 1000 kg = 2205 lbm 1 ton = 2000 lbm = 907.2 kg

Power 1 W = 0.7376 ft lb f /s 1 ft lb f /s = 1.3558 W

1 W = 9.478×10−4 Btu/s 1 Btu/s = 1055.0 W = 778.1 ft lb f /s

1 W = 1.341×10−3 hp 1 hp = 745.7 W = 550 ft lb f /s

Pressure 1 Pa = 1.450×10−4 lb f /in2 (psi) 1 lb f /in2 = 6894.8 Pa

1 Torr = 1 mm Hg (@ 0◦C) 1 atm = 101,325 Pa

1 atm = 760 mm Hg (@ 0◦C)

1 atm = 14.696 lb f /in2 (psi)

1 atm = 33.9 ft H2O (@ 4◦C)

Temperature T(◦C) = 5/9 [T(◦F) − 32] T(◦F) = 1.8 T(◦C) + 32

T(K) = T(◦C) + 273.15 T(R) = T(◦F) + 459.67

T(R) = 1.80 T(K)

Viscosity 1 cp = 6.7197×10−4 lbm/ft s 1 lbm/ft s = 1488.2 cp = 14.882 Poise

Volume 1 cm3 = 1 mL = 0.06102 in3 1 in3 = 16.387 cm3

1 m3 = 35.3145 ft3 1 ft3 = 0.028317 m3

1 m3 = 1000 liters 1 ft3 = 7.4805 gal

1 m3 = 264.17 gal 1 ft3 = 28.317 liters

1 L = 0.26417 gal 1 gal = 3.785×10−3 m3 = 3.785 L

Volume Flow 1 m3/s = 15,850 gal/min 1 gal/min = 6.309×10−5 m3/s

1 gal/min = 2.228×10−3 ft3/s

1 ft3/s = 448.8 gal/min
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Defined Units and Prefixes

DEFINED UNITS

1 dyne ≡ 1 g cm/s2

1 erg ≡ 1 dyne cm = 1 g cm2/s2

1 J ≡ 1 N m = 1 kg m2/s2

1 lb f ≡ 32.174 lbm ft/s2

1 N ≡ 1 kg m/s2

1 Pa ≡ 1 N/m2 = 1 kg/m s2

1 Poise ≡ 1 g/cm s

1 slug ≡ 1 lb f s2/ft

1 W ≡ 1 J/s

PREFIXES

Prefix Meaning Abbreviation Example

centi 10−2 c cm (centimeter)

giga 109 G GB (gigabyte)

kilo 103 k kg (kilogram)

mega 106 M MP (megapixel)

micro 10−6 µ µg (microgram)

milli 10−3 m mg (milligram)

nano 10−9 n nm (nanometer)

tera 1012 T TB (terabyte)

xxi
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Atomic Weights and Values of R

ATOMIC WEIGHTS OF SELECTED ELEMENTS

ELEMENT SYMBOL ATOMIC ELEMENT SYMBOL ATOMIC

WEIGHT WEIGHT

Aluminum Al 26.98 Magnesium Mg 24.32

Argon A 39.99 Manganese Mn 54.94

Arsenic As 74.92 Mercury Hg 200.61

Barium Ba 137.36 Molybdenum Mo 95.95

Beryllium Be 9.01 Neon Ne 20.18

Boron B 10.82 Nickel Ni 58.71

Bromine Br 79.92 Niobium Nb 92.91

Cadmium Cd 112.41 Nitrogen N 14.01

Calcium Ca 40.08 Oxygen O 16.00

Carbon C 12.01 Phosphorus P 30.98

Cerium Ce 140.13 Platinum Pt 195.09

Cesium Cs 132.91 Potassium K 39.10

Chlorine Cl 35.46 Scandium Sc 44.96

Chromium Cr 52.01 Silicon Si 28.09

Cobalt Co 58.94 Silver Ag 107.88

Copper Cu 63.54 Sodium Na 22.99

Fluorine F 19.00 Strontium Sr 87.63

Gallium Ga 69.72 Sulfur S 32.07

Germanium Ge 72.60 Tin Sn 118.70

Gold Au 197.00 Titanium Ti 47.90

Helium He 4.00 Tungsten W 183.86

Hydrogen H 1.01 Uranium U 238.07

Iodine I 126.91 Vanadium V 50.95

Iron Fe 55.85 Zinc Zn 65.38

Lead Pb 207.21 Zirconium Zr 91.22

Lithium Li 6.94

SOME VALUES OF THE UNIVERSAL GAS CONSTANT, R

1.987 cal/gmol K

0.08206 atm L/gmol K

8.314 J/gmol K

8314.5 J/kgmol K

8.3145 kPa m3/kgmol K

8.3145×107 g cm2/s2 gmol K

62.37 mm Hg L/gmol K

1.987 Btu/lbmol ◦R

10.73 psia ft3/lbmol ◦R

0.730 atm ft3/lbmol ◦R

1545 ft lbf/lbmol ◦R

1.3145 atm ft3/lbmol ◦R

xxiii
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Chapter 1

What Is Chemical Engineering?

Welcome to this introductory text about chemical engineering. If you’re like most

beginning college students, you have very little idea of what chemical engineering is and

what chemical engineers actually do. But there’s good news – this book is designed to help

answer those questions.

1.1 SCENARIO: AN ASSIGNMENT

As we begin, let’s imagine that you are a chemical engineer for the ABC Chemi-

cal Company, which makes a valuable product but also makes hydrochloric acid (HCl)

as a waste byproduct. (You may recall that HCl dissociates into a hydrogen ion, H+, and

chloride ion, Cl−, and reacts with many other substances.) Imagine further that you have

received the following memo from your supervisor:

ABC Chemical Company

Memorandum

From: Barbara Magelby, Supervisor, Chemical Process Group

To: <your name>

We’ve just received information indicating that the company

that has been disposing of our HCl byproduct is not doing

well. We anticipate that they will be going out of business in

6-12 months. This puts us in a very dangerous situation, since

we can’t operate very long without disposing of that waste.

Our marketing people have tried to find a potential buyer for

the acid, but the byproduct is apparently not at an appropriate

concentration or purity to be valuable to anyone in our local area.

One possibility to consider is treatment of the waste in order

to be able to dispose of it in the lake next to our company

site. However, at this point, no engineering analysis has been

conducted on this or any other strategy.

Your assignment is to propose a strategy and design (with a cost

analysis) for safely and legally disposing of the acid waste.

Please keep me informed of your progress.

1



2 Chapter 1 What Is Chemical Engineering?

Even with very little background, you will recognize how important the problem de-

scribed in this memo would be. Your company could not operate very long if it could not

dispose of the acid waste product. The failure of your company would mean the loss of

many jobs and would have a disastrous impact on many individuals and families. Society

would also lose the products made by the company, which products help to make lives

better. But even if doing so would keep your company operating, the acid cannot be simply

thrown away. The impact of hydrochloric acid on the environment is destructive. Govern-

mental regulations prohibit its disposal unless it is rendered (and proven) nondestructive.

Besides, your own conscience as an ethical and concerned citizen and professional would

not allow you to participate in or condone any practice that is illegal, dangerous to other

human beings, or harmful to the environment. Clearly, this is a problem that an engineer

would take very seriously, and the solution to such a problem would bring great personal

satisfaction.

Throughout this book, this hypothetical assignment will be the basis for illustrating

various aspects of the chemical engineering discipline. We don’t mean to imply that all

of chemical engineering is identically represented by this particular problem or its envi-

ronmental issues. Indeed, chemical engineering encompasses many diverse applications,

ranging from biomedicine to energy production. But this hypothetical problem is a useful

prototype, because it will require us to perform some relevant chemical engineering cal-

culations, design some equipment, and justify our proposal to the “company” through an

economic analysis, all of which are typical tasks and approaches for a chemical engineer,

regardless of the specific application. By the time we reach the end of this book, you will

have a better idea of the kinds of activities in which chemical engineers are engaged and

the skills that are required for those activities, as well as how those activities and skills

match up with your interests and abilities.

Now, let’s address the question posed by the title of the chapter.

1.2 WHAT IS CHEMICAL ENGINEERING?

Chemical engineering creatively combines the three basic physical sciences – chem-

istry, physics, and biology – along with mathematics to address the world’s needs by cre-

ating new technology and solving problems in existing technology. The use of all three

basic sciences and mathematics makes chemical engineering extremely versatile, since

nearly all physical phenomena can be described by the combination of these four sciences.

Because of this versatility, chemical engineers make valuable contributions in a very broad

spectrum of fields from food processing to semiconductor fabrication and from energy pro-

duction to artificial-organ development (see Fig.1.1).

The American Institute of Chemical Engineers (AIChE) has suggested the following

definition1:

[Chemical engineers] use science and mathematics, especially chemistry, biochemistry, applied

mathematics and engineering principles, to take laboratory or conceptual ideas and turn them

into value added products in a cost effective, safe (including environmental) and cutting edge

process. From the development of smaller, faster computer chips to innovations in recycling,

treating disease, cleaning water, and generating energy, the processes and products that

chemical engineers have helped create touch every aspect of our lives.

Chemical engineers discover, develop, and implement creative solutions to the world’s

problems and new ways to benefit humankind.
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Figure 1.1 Graphic representation of the versatile nature of chemical engineering providing a basis

for a broad spectrum of professional careers

1.3 THE IMPACT OF CHEMICAL ENGINEERING

To what extent does chemical engineering impact our lives? The answer may surprise

you, because there is hardly a single moment of the day when you are not in contact with,

surrounded by, or influenced by products that are a result of chemical engineering. The

paper you are looking at, the ink that forms the letters, and the pen you may be using to take

notes are all a result of chemical processes developed by chemical engineers (see Chapter

2). The clothes you wear, including the fabric and the dyes that produce the designs, are

a result of chemical engineering. The materials of the walls of the room around you and

the paint on those walls were produced by chemical engineering. Even the lunch you may

have brought to school, including the paper bag in which it is carried, the sandwich bag

and the bread of that sandwich, and the fertilizer and pesticide that helped to grow the

fruit – all come from chemical engineering. As you took your shower this morning, the

soap, shampoo, deodorant, aftershave or perfume, and hairspray you may have used are

all products of chemical engineering. We haven’t even mentioned the medication you may

have taken to treat a medical problem or relieve a headache. We could go on and talk

about the semiconductor components in the cell phone or the laptop computer that you

used today. The list is endless, because we live in an age when virtually all materials that

contact our lives are a result of chemical engineering.

To further understand the role of chemical engineering in our modern society, we

should recognize that we use many thousands of finished products, each of which is com-
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posed of many intermediate products (see Table 1.1). For example, the shampoo (a finished

product) you used to wash your hair this morning probably contained the following kinds

of intermediate products: the “soaps” (several) used for cleaning, nutrients (to nourish your

hair, as promised in the advertising), pigments to give the shampoo a pleasing color, fra-

grances, surfactants, thickening agents, preservatives, and so on. Each of these intermediate

products was produced by chemical engineering.

Table 1.1 Some Categories of Intermediate Products

Absorbents Adhesives Antiadhesives

Antioxidants Catalysts Cleaners

Coatings Corrosion inhibitors Combustion modifiers

Desiccants Disinfectants Drying agents

Dyes Emulsifiers Explosives

Fertilizers Fillers Flame retardants

Flavorings Foods Fragrances

Fuels Herbicides Industrial reagents

Insecticides Lubricants Nutritional supplements

Oxidizers Paper products Pesticides

Pharmacological agents Pigments Plasticizers

Polymeric feedstocks Preservatives Sealants

Solvents Structural materials Supports

Surfactants Textiles Thickeners

Thinners UV screeners Wetting agents

How did chemical engineering come to play such an enormous role in our society?

The answer really consists of thousands of stories of enterprising individuals and compa-

nies who identified a need. That need usually was associated with requirements for exist-

ing finished products but probably also included a vision about future products and needs.

Thus, a company was formed or modified to produce the finished product. But the need

for that product, in turn, generated a need for one or two or a dozen intermediate products

that other companies were in a position to produce. And those intermediate products had

to be produced from raw feedstocks – such as crude oil, biological byproducts, food stuffs,

or ores – which had to be converted into more usable byproducts, and still other compa-

nies responded to that need. That story has been repeated many hundreds of times over the

years, as the refinement of raw feedstocks, the production of intermediate products, and the

design of finished products have developed together. One indication of that development

is that the number of intermediate products or chemicals available on the industrial market

has grown to a list of thousands. Table 1.1 lists some of the categories of intermediate prod-

ucts, where each category represents tens to hundreds of specific chemicals. The average

consumer may not ever see most of the products listed in Table 1.1 as isolated products but

uses them very frequently as components of finished products.

1.3.1 Chemical Engineering Achievements

Another way of illustrating the vast influence of chemical engineering on our modern

society is to summarize a few of the historical achievements of this field. Table 1.2 briefly

describes 11 such achievements, but you should understand that this is by no means an

exhaustive list.
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Table 1.2 Some Great Achievements of Chemical Engineering (adapted from ref. 2)

Semiconductor Fabrication: Chemical engineers have played a key role in the flourishing of the

electronic and computer age. They have developed and refined semiconductor fabrication pro-

cesses to make smaller and more powerful semiconductor systems, leading to powerful personal

computers, cell phones, portable music players, and other “smart” electronic devices.

Medicine: Because the body is essentially a chemical plant, chemical engineers have worked hand in

hand with physicians to develop medicines, replacement parts, and physiologic support products.

The resulting biomedical technology has led to improved clinical care, high-tech diagnostic and

therapeutic devices, new “wonder drugs,” and artificial organs.

Environmental Protection: Chemical engineers are seriously involved in environmental technology

to clean up existing problems and to prevent future pollution. Chemical engineers have helped

to develop catalytic converters for cars, double-hosed gasoline pumps, and modern jet engines.

Scrubbers on smokestacks also help maintain air quality.

Crude Oil Processing: Chemical engineers discovered ways to use crude oil by breaking down

(“cracking”) long carbon molecules into smaller ethylenes, propylenes, and so on. These ad-

vancements opened the way for the development of many of the petrochemical products used

today, including fuels, plastics, pharmaceuticals, and the like.

Plastics: During the awakening of the plastics age in the 1930s, chemical engineers helped to develop

nylon, polyvinylchloride, acrylics, polystyrene, polyethylene, and polypropylene, followed more

recently by aerospace plastics, composites, and laminates.

Synthetic Fibers: Beginning with the first extrusion of rayon fibers in 1910 and nylon in 1939,

chemical engineers have helped to develop and manufacture many synthetic fibers, from blankets,

to clothing, to upholstery, to carpets, to very strong (even bulletproof) fabric. Today, some eighty

billion pounds of synthetic fibers are produced each year.

Synthetic Rubber: Chemical engineers helped to develop synthetic rubber (styrene-butadiene rub-

ber, or SBR) during World War II, when natural rubber was hard to obtain. Today, approximately

two-thirds of the 40 billion pounds of rubber produced annually is synthetic, and SBR still ac-

counts for half of all synthetic rubber produced. Synthetic rubber is used in tires, gaskets and

hoses, and in many consumer products, such as running shoes.

Gases from Air: Chemical engineers pioneered ways to process and use purified oxygen and nitro-

gen. Air is separated into these gases through cryogenics (liquefying the gases at very low tem-

peratures). Nitrogen is used as an inert gas in many applications, while oxygen is used in many

industrial processes and in hospitals. Chemical engineers also developed vacuum-insulated tank

trucks for delivering liquefied gases.

Food: Chemical engineers have helped to produce fertilizers, like phosphates and urea, and pesticides

that protect crops. They are also at the forefront of efforts to improve food processing technology,

such as freeze-drying and microwave processing.

Separation and Use of Isotopes: Chemical engineers developed the processes that separate isotopes

from one another. Chemical engineers also played a major role in developing and using isotopes

from fission in nuclear medicine as advanced diagnostic and treatment techniques. Radioisotopes

are also useful in medical imaging and monitoring, biochemical research, archaeological dating,

and production of nuclear energy.

Antibiotics: Chemical engineers have developed ways to mass produce antibiotic drugs. For exam-

ple, with penicillin (discovered in 1929), research led to a thousand-fold increase in yield through

mutation and through development of methods for “brewing” penicillin in huge tanks. These and

similar developments have resulted in low-cost, widely available “wonder drugs” including peni-

cillin, streptomycin, erythromycin, and many more.
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1.3.2 Grand Challenges

Not only has chemical engineering already positively impacted and enhanced the

quality of our lives in many ways, but chemical engineers also will play a critical role

in addressing the significant issues impacting today’s world and the future. The National

Academy of Engineering3 has identified a number of these issues as “Grand Challenges for

Engineering,”4 and it will become apparent that they affect individuals across the globe.

The list of challenges was directed to all engineering disciplines, but chemical engineering

is uniquely positioned to play a leadership role in many of them. In other words, chemical

engineers can help humankind in general and can impact our whole earth! Here are the

Grand Challenges (with brief commentary by the authors):

• Make Solar Energy Economical: Chemical engineers can help develop new ma-

terials with unique chemical/electrical properties that will help reduce the cost

and increase the efficiency of solar collectors and to create battery systems to

store electrical energy from solar systems.

• Provide Energy from Fusion: Fusion, which produces the energy of the sun, has

the potential to provide limitless, clean energy on Earth if it can be harnessed.

Chemical engineers can help to discover and design the conditions and materi-

als needed to induce fusion reactions and the reactors needed to contain those

reactions.

• Develop Carbon Sequestration Methods: The concern that rising levels of carbon

dioxide – which can trap heat like a “greenhouse” – in our atmosphere may be

promoting warming of the earth has led to efforts to capture or “sequester” car-

bon dioxide produced by the burning of fuels and to convert it to useful products

or store it, for example in the earth. Chemical engineers can help develop these

chemical processes.

• Manage the Nitrogen Cycle: Large-scale production and use of fertilizer, the wide-

spread planting of legumes, and the high-temperature combustion of fuels have

led to increased quantities of nitrogen oxides in the atmosphere and nitrates in

the water. Consequences include greater quantities of greenhouse gases, degra-

dation of the earth’s protective ozone layer, smog, acid rain, and contaminated

drinking water. To address these issues, chemical engineers must take the lead in

finding ways of increasing denitrification (conversion of nitrogen back to N2),

increasing the efficiency of fertilizer use without hampering food production,

and minimizing the conversion of N2 to NOx in combustion processes.

• Provide Access to Clean Water: The lack of clean drinking water directly or indi-

rectly causes millions of deaths worldwide and is today’s greatest health hazard.

Chemical engineers will continue to play a critical role in developing better and

less-expensive methods for removing microbes and toxins from water and for

removing salt from sea water.

• Restore and Improve Urban Infrastructure: The infrastructure of large cities, in-

cluding utilities, transportation systems, telecommunication systems, healthcare

systems, and the like, affect quality of life and need significant improvement in

most cities of the world. Chemical engineers can play a role in some aspects

of this challenge, including in the improvement of water-treatment systems and

power plants and the reduction of automobile pollution.

• Advance Health Informatics: Health informatics involves the collection and main-

tenance of health information in order to enhance quality of life through im-
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proved medical care. This area, however, involves much more than health records!

Imagine if health data could be gathered continuously by means of tiny sensors

embedded in clothing or within the body. Chemical engineers will play a crit-

ical role in the development of such technology. Chemical engineers will also

lead the effort to protect us from biological and chemical terror by developing

sensors and other tools for early detection and tracking of deadly substances,

and effective flexible methods for rapid development and mass production of

antidotes and other countermeasures.

• Engineer Better Medicines: Tomorrow’s medical care must include treatment that

is specific to each patient (personalized medicine). This will require rapid and

specific diagnosis (including identification of offending toxins or bacteria), rapid

production of customized medication, and drug delivery to the appropriate lo-

cation in the patient’s body with individualized dosage and timing. Chemical

engineers will continue to work with physicians and others to understand the

fundamental processes by which disease and treatment occur and to develop ef-

fective diagnostic techniques and instruments, improved manufacture of specific

pharmaceuticals, and drug-delivery systems with customized delivery patterns.

• Reverse-Engineer the Brain: This grand challenge is based on the notion that

knowledge of the information patterns of the brain (information sharing, parallel

processing, etc.) could provide a key to more effective diagnosis and treatment

of neurological diseases and could also be utilized to formulate more effective

decision-making strategies in our technical world. Chemical engineers are well

equipped to join with others in this effort.

• Prevent Nuclear Terror: Methods are needed to thwart possible terrorist attacks

using nuclear weapons constructed from waste material stolen from nuclear re-

actors and shipped into our country hidden in the vast volume of our imports.

Needed are devices to track nuclear material in reactors and post-reaction facil-

ities to detect its unlawful removal, and devices to more effectively detect such

material in shipping containers. Chemical engineers will contribute to these de-

velopments.

• Secure Cyberspace: Improved methods of security are needed to thwart possible

cyberattack on our computer-based society. Needed are more rigorous authenti-

cation of users, protection of data during transfer, and countermeasures to mini-

mize disruptions from failure or cybercrime. Chemical engineers generally play

a peripheral role in such work, but a few typically build upon their versatile

foundation to focus on computer technology.

• Enhance Virtual Reality: The effectiveness of virtual reality for training profes-

sionals (surgeons, soldiers, chemical plant operators, etc.), psychotherapy, and

behavioral research can be increased by higher-resolution systems, more intelli-

gent (human-like) responses to user actions, and physical responses (e.g., touch)

to user actions. Chemical engineers with a variety of specialties (chemical pro-

cessing, medicine, etc.) will contribute to the training and other aspects of these

efforts.

• Advance Personalized Learning: Education can and must be greatly enhanced by

personalized tutoring (likely computerized) to help each student address per-

sonal areas of confusion and overcome individual barriers to learning, all using

a customized pace and strategy. Additional knowledge about learning is needed,

as are advanced systems/programs for all levels and areas of learning, from for-
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mal education (K-12, college, etc.) to professional training. Professionals in all

disciplines (including chemical engineering) will participate.

• Engineer the Tools of Scientific Discovery: Future technological achievement will

require more advanced, yet cheaper, analytical instruments and methods adapt-

able to research environments ranging from biological field studies to advanced

laboratories to space stations. Chemical engineering, with its broad encompass-

ing of chemistry, math, physics, and biology, will continue to play a leadership

role in this innovation.

Similar lists of challenges have been provided by Mark J. Kushner, Dean of the College of

Engineering at Iowa State University under the heading “The 2050 Challenge”5 and by the

AIChE.6

Happiness is

Changing the

World as a

Chemical Engineer

As suggested above, chemical engineers have the skills needed to make important

contributions to the solutions of nearly all the Grand Challenges. In a very real sense, the
future of the world is in your hands. Think about it – you could play a key role in develop-

ing and providing clean energy for future generations. Tomorrow’s personalized medicines

could be the result of your efforts. What an exciting time to be a chemical engineer!

1.3.3 Humanitarian Engineering

An area of particular interest as we look to the future of engineering is “humanitarian

engineering.” Humanitarian engineering is the practice of engineering under constraints

designed to meet the needs of marginalized or underserved groups.7 Clearly, wealth and

opportunity are spread unequally across the world, and there are many who suffer because

they lack basic necessities of life. Engineering can play an important role in improving the

quality of life at home and abroad, and we have a responsibility as a profession to use our

training and skills to help others (e.g., see Figure 1.2). Successful efforts must be sustain-

able and must interface with and respect the local culture. It is not necessary to choose

between the bottom line (profit) and humanitarian goals. Rather, we seek solutions that

benefit people, protect the planet, and are economically and technically sustainable.

Figure 1.2 A chemical engineering student from Brigham Young University talks to villagers in

Peru about a fuel system that students are installing in their village (courtesy of Jeff Ashton)
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1.4 THE CHEMICAL ENGINEERING DISCIPLINE

1.4.1 Fundamental Topics in Chemical Engineering

There are several fundamental physical phenomena that are important to chemical en-

gineers as they develop and implement chemical processes. Because these phenomena are

essential to the practice of chemical engineering, they form a basis for the education that

you will receive as you prepare to become a chemical engineer. Thus, as part of your de-

gree program, you will likely have classes that address these topics:

1. Material balances describe how material moves in and out of a process and help

us determine how much material is needed to produce the desired products, as

well as the amount of specific materials leaving the process, including both the

desired products and undesirable products such as pollutants or byproducts.

2. Fluid mechanics describe the movement of fluids and help us design systems to

produce such movement (e.g., pump-pipeline systems).

3. Heat transfer describes how heat transfers and helps us design systems (e.g., heat

exchangers) to produce the heating or cooling of chemical materials to sustain

desired chemical reactions and to recover energy from high-temperature pro-

cesses.

4. Mass transfer describes how molecules move relative to each other and helps us

design systems to produce the mixing or separation of chemical species, using

such strategies as

distillation boiling a mixture to preferentially remove some substances

from the mixture that boil off in higher proportion than do

other substances in that mixture

evaporation removing a substance from a mixture by vaporizing

drying removing (by evaporation) all liquid from a material

filtration separating solid particles from a suspending liquid or gas us-

ing a filter

liquid-liquid transfer transferring a substance from one liquid mixture to another

liquid by contacting the two liquids (the two liquids must

be immiscible, i.e., must not dissolve into one another), also

called “extraction”

gas-liquid transfer transferring a substance from a gas mixture to a liquid by

contacting the gas with a liquid into which the desired sub-

stance preferentially dissolves, also called “absorption”

5. Reaction engineering describes how fast chemical reactions occur and helps us

design systems (e.g., reactors) to produce desired quantities of material by reac-

tions.



10 Chapter 1 What Is Chemical Engineering?

6. Process control describes how the outputs of complex systems respond to changes

in input conditions and helps us design and optimize systems to hold product

quality within desired specifications and to lower operating costs.

7. Materials describes how materials respond to mechanical and chemical stress and

helps us select and fabricate materials with unique properties for desired prod-

ucts and processing equipment.

8. Economics describes the variables that affect the costs of chemical processing

equipment and helps us predict the costs of various design and operating op-

tions.

Understanding of these topics is used to develop strategies and design the equipment

needed to create new technology and improve existing technology. For example, some

chemical engineers develop or improve methods to fabricate tiny, yet powerful, semicon-

ductor devices and circuits. Other chemical engineers predict the creation, movement, and

loss of environmental pollutants, along with the effects of various proposed measures to

reduce such pollutants. Still others search for new, more effective ways to make vital phar-

maceutical agents for medical purposes. Some chemical engineers design entire chemical

plants of varying sizes and complexity. Finally, chemical engineers are working hard to

address critical global problems such as the need for clean and efficient sources of energy.

1.4.2 Professional Activities in Chemical Engineering

Chemical engineers work in a wide range of product areas from microchips to potato

chips.8 The AIChE indicates that chemical engineers “primarily go into production/manu-

facturing, R&D, design, management/marketing, or teaching. We work on petrochemicals,

refining, specialty chemicals, biotechnologies, nanotechnologies, electronics and informa-

tion technologies. Some chemical engineers even get law degrees and specialize in patent

law.”9 Within these diverse areas are some common job classifications, which include the

following:10

Process Development Research: These chemical engineers develop and refine methods

to produce chemical products with an existing market or to produce new products.

They do this with mathematical simulations, laboratory experiments, and pilot-plant

studies.

Technical Chemical Sales: Technical sales representatives from a company work with

existing or potential purchasers of the company’s product(s) to assess the needs of

those customers and to match the products of their companies with those needs.

Process Engineering: Process engineers deal with the operation of existing chemical

processes, including quality control, environmental harmony, operations manage-

ment, troubleshooting, safety, and maintenance.

Plant Design and Construction: Design engineers formulate the specifications of equip-

ment and plants to implement a desired chemical process and direct the construction

and startup of those facilities.

Environmental Engineering: Environmental engineers monitor the compliance of pro-

cess operations to environmental regulations and implement measures and pro-

cesses to prevent violation of those standards or to clean up hazardous waste.
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Fundamental Research: Chemical engineers, typically those with Ph.D. degrees, work

at the frontier of science and technology to understand the fundamental processes

that limit new technology and to invent new and creative ways to overcome those

limitations.

Finally, it’s important to note that chemical engineers work with people and must have

effective communication skills. Their technical work is usually performed in teams with

their professional colleagues. In such teams, chemical engineers must be able to share

technical information, convey relevant reasoning, and influence important decisions. Many

also interact with nontechnical personnel, ranging from business and government represen-

tatives to the general public, and it is vital that such engineers also communicate effectively

and provide leadership in addressing the concerns of various groups within our society.

CONCLUDING COMMENTS

This chapter has presented a brief definition of chemical engineering, along with ex-

amples of the impact and potential impact of the discipline on our world. Some of the

topics and professional activities of chemical engineering were also briefly described. This

introductory textbook is designed to guide your study of these topics in order to increase

your understanding of their concepts and your perception of the nature of this profession.

To this end, a hypothetical scenario was introduced to provide a platform throughout the

book for the application of chemical engineering skills at an introductory level.
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READING QUESTIONS

1. Which three physical sciences, along with mathematics, are

used in chemical engineering?

2. After reading about the Grand Challenges for Engineering,

go to the following web address and watch the video provided

at that site (6 minutes, 27 seconds):

http://www.engineeringchallenges.org/

Indicate in writing (one or two sentences each) new knowledge

or feelings about each of the Grand Challenges that you gained

from watching the video.

3. Name the seven kinds of fundamental topics that chemical

engineers must learn about.

4. Beginning with an idea for producing a chemical product,

briefly describe various stages of development that might be

used to make the product and provide it to the end user. Indi-

cate how the various activities of chemical engineering (Process

Development Research, Technical Chemical Sales, Process En-

gineering, Plant Design and Construction, and Environmental

Engineering) might be involved in those stages.

HOMEWORK PROBLEMS

Note: Several of the following homework problems require you

to write a short essay. In each case, the use of a computer is rec-

ommended, and a “short essay” is defined as at least one-half

page, double-spaced.

1. A major challenge in our society is balancing governmen-

tal protection of our environment with protection of industries

that contribute to our economy. Write a short essay (as defined

above) describing the issues that you think should be considered

in that balance.

2. Select one of the “achievements” listed in Table 1.2 and

write a short essay (as defined above) describing the develop-

ment of the achievement and the role that chemical engineering

(or specific chemical engineers) played in that development.

3. From your home or apartment, select one of each of the fol-

lowing kinds of items and, from the information on the label or

container, write down all its “ingredients” (intermediate prod-

ucts): candy bar, deodorant, laundry detergent, pain medication.

4. List common examples from everyday life for all of the fol-

lowing fundamental operations: fluid mechanics, heat transfer,

evaporation or drying, and filtration.

5. View the video (29 minutes) entitled “Making the Connec-

tion – Careers for Chemical Engineers” (made by the Sloan

Foundation for the AIChE) located at the following address:

http://chemicalengineering.byu.edu/cheme-careers-video.

a. In the video, 33 chemical engineers are introduced

(some more than once), who work for 16 employers

(a very small sampling of the thousands that employ

chemical engineers). Select one of these employers and,

in one or two sentences, indicate how the products or

services of that employer have benefited you or your

family.

b. Write a short essay (as defined above) describing some-

thing about chemical engineering that you learned from

the video.

6. Write a short essay (as defined above) in which you select

a major worldwide Grand Challenge from Section 1.3.2 and ex-

plain why that challenge has particular meaning to you person-

ally.

7. Write a short essay (as defined previously) in which you

describe an aspect of humanitarian engineering (as briefly intro-

duced in Section 1.3.3) and explain why it has particular mean-

ing to you personally.



Chapter 2

The Role of Chemical Processing

The terms “chemical process” and “chemical processing” are very common in chemi-

cal engineering and, in fact, are at the heart of most of what chemical engineers do. There-

fore, this chapter addresses the following question:

2.1 WHAT IS A CHEMICAL PROCESS?

Definition of a
Chemical Process A chemical process is a combination of steps in which starting materials are con-

verted into desired products using equipment and conditions that facilitate that con-

version.

To explain this answer, let’s go back to your experience with chemistry. You will

remember that chemistry involves the use of chemical reactions to make a desired product.

For example, we may be interested in making product “C” from chemicals “A” and “B” via

the reaction

A + B → C (2.1)

In a laboratory, you may have produced this reaction by pouring chemical A into a test

tube and chemical B into another test tube (Figure 2.1). You may have then heated each test

tube over a laboratory burner or heater to increase the temperatures of those two materials.

The next step might have been to mix the two chemicals together so that they would react

to form chemical C. Finally, because other chemicals were present along with the C in the

product mixture, you probably needed to separate C from the mixture by boiling it off from

the mixture, by allowing it to settle to the bottom of a flask, or by some other means. These

manual steps are illustrated in Figure 2.1.

One of the things that chemical engineers do is to build upon laboratory-type manual

processes to create useful automated processes. They may create new processes to make

new products or to utilize better strategies for making existing products through increased

efficiency and the use of environmentally friendly methods. Or they may improve existing

chemical processes in order to increase production rate and product quality. In some cases,

this means scaling up an existing process to produce larger quantities of a product for the

marketplace.

13
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A

B

Delivery Heat Transfer Chemical Reaction 
Engineering

Mass Transfer 
(Separation)

Reaction Flask

Distillation 
Apparatus

Figure 2.1 Diagram of a manual laboratory scheme for producing C from A and B
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Figure 2.2 Diagram of an automated industrial process for producing C from A and B (based upon the laboratory scheme

represented in Figure 2.1 but automated using chemical engineering principles)
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Figure 2.2 shows an automated implementation of the laboratory process from Figure

2.1 as a possible industrial process. In this case, the analog of the laboratory procedure

might be to pump chemical A from a tank through a pipeline containing a heat exchanger

(which transfers heat from a warmer stream to our colder stream of A). Similarly, we would

probably pump B from another tank and through another heat exchanger. These reactant

streams might then be brought together in a reactor with the needed temperature, pres-

sure, and catalysts. It would be important that the reactor be designed so that the chemicals

spend the needed amount of time inside the reactor before leaving, thus allowing the reac-

tion to proceed far enough (i.e., so that enough A and B would be converted to C). A final

step might be to send the product stream to a continuous distillation (boiling) unit or to a

settling tank or to another type of device that would separate C away from the other chem-

icals in the stream. In practice, leftover A or B would likely be recycled in order to reduce

waste and improve efficiency. Automated controllers would be used to monitor important

parameters (e.g., temperature and concentration) and to continuously adjust process vari-

ables in order to operate the entire chemical process efficiently, effectively, safely, and in

an environmentally friendly way.

A chemical process can be operated either as a batch process or a continuous process.

Furthermore, a continuous process can be steady-state or not. These are defined as follows:

Definitions of Process

Categories In a batch process, an allotment of starting material is introduced into the pro-

cess, and a sequence of steps to treat that material is started and finished within a

certain period of time, often within the same piece of equipment. The process is then

interrupted, the processed material is removed, another allotment of the starting ma-

terial is introduced, and the sequence of steps is repeated. Example: materials are

loaded into a reactor, a reaction is carried out in the reactor, and then the final mate-

rials are removed.

A continuous process operates without interruption in the flows and reactions of

the process. The starting material enters continuously, is usually subjected to various

steps by moving from one piece of equipment to another, and exits the process con-

tinuously. Example: materials continually flow into and out of a reactor, while the

reaction proceeds as the material moves through the reactor.

A steady-state process is one in which none of the process characteristics (tem-

peratures, flow rates, pressures, and so forth) change with time. A process that is not

steady-state is termed unsteady-state or transient.

You will recognize that a batch process is clearly not a steady-state process. A con-

tinuous process may or may not be steady-state, again depending upon whether any of the

process characteristics vary with time. This should not be confused with the fact that the

process variables may vary between different locations in the process. To clarify, when

a steady-state process is observed at a certain point in time and then observed again a

few minutes later, no change is seen. For example, in the process illustrated in Figure 2.2,

as described previously, the streams coming from both of the tanks pass through heat ex-

changers, which heat those streams so that the outlet stream temperatures are different from

those of the inlet streams. If the process is steady-state, the inlet and outlet temperatures
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(and all other temperatures in the process) remain constant with time, in spite of the fact

that those temperatures are not the same in the various locations. The same would be true

of the pressures, chemical compositions, and other characteristics of the inlet and outlet

(and other) streams in the process.

EXAMPLE 2.1 A plant containing a reactor is being started up (being put into operation). In the startup phase, with

fluid flowing in all of the streams, the temperatures of the reactor and some of the streams are seen

to be changing with time as they move toward the values at which they will eventually be held. The

chemical composition of the material coming from the reactor is also changing with time in response

to the changing reactor conditions. The startup phase is over when the temperatures and compositions

reach their desired values and no longer change with time. Classify the startup phase and the period

after the startup phase in terms of being batch or continuous and steady-state or unsteady-state.

SOLUTION During both phases, the process is continuous, because the flows and operation continue without

interruption or “starting over.” During the startup phase, the process is at unsteady-state, because

some of the process parameters are changing with time. After the startup phase, the process is at

steady state, because there are no changes with time.

2.2 REPRESENTING CHEMICAL PROCESSES USING PROCESS
DIAGRAMS

Processes are often represented by simplified process diagrams such as that illustrated

by Figure 2.2. Such diagrams obviously leave out a great deal of detail, but they are useful

because they show important sequences and relationships of steps in a chemical process

and allow the engineer to easily visualize the process. They also provide important infor-

mation about the process, such as the compositions, temperatures, and flow rates of process

streams. Process diagrams are used by engineers and others involved in construction and

maintenance (working on such things as piping, instrumentation, equipment design and

plant layout), for the training of operating personnel, and for the preparation of operating

manuals. The process diagram represents the key documentation of the design and is the

basis for comparison of actual operating performance with design specifications. Let’s talk

about three types of diagrams: (1) Block Diagrams, (2) Process Flow Diagrams, and (3)

Piping and Instrumentation Diagrams.

2.2.1 Block Diagrams

A block diagram provides a simple representation of a chemical process in which

a box or block is used to represent either a single equipment item or a combination of

equipment items that collectively accomplish one of the principal steps in the process.

Such diagrams are especially useful at the early stages of process design before details have

been determined. They can also be used to provide a simplified overview of the principal

stages of a complex process. An example of a block diagram is shown in Figure 2.3, which

represents a chemical plant for making nitric acid. Additional information such as stream

flow rates and compositions may be shown on the diagram itself, or in a separate table.



2.2 Representing Chemical Processes Using Process Diagrams 17

NH3

Air

Vaporizer Reactor 
(Oxidizer)

Waste Heat 
Boiler Cooler- 

Condenser
Absorber

Product 
~60% HNO3

Air Water

Figure 2.3 Block diagram for a low-pressure process to produce nitric acid1

Block diagrams apply to chemical processes of all shapes and sizes. For example,

Figure 2.4 is a block diagram showing in a simplified way the process by which digestion

takes place in your body.

Food

Saliva

Mouth Stomach Small 
Intestine

Large 
Intestine

Gastric 
Juice

Digestive 
Enzymes

Blood and 
Lymph

Cells

Waste

Figure 2.4 Block diagram as a simple representation of the human digestion process

2.2.2 Process Flow Diagrams (PFD)

A process flow diagram (PFD) provides more detail than a block diagram and is a

standard method for documenting engineering designs. This type of diagram shows the

arrangement and interconnection of all the major pieces of equipment and all flow streams,

and the equipment is represented by symbols or icons that “look like” the actual equipment.

Standard symbols for various equipment items can be found in the American National Stan-

dards Institute (ANSI) publication on flowsheet design, but many companies have adopted

their own symbols. Figure 2.5 shows some typical process equipment symbols, but minor

equipment, such as pumps and valves, may or may not be included in the PFD.

Examples of some simple PFDs are shown in Figure 2.6, which also illustrates the

wide variety of chemical processes that are encompassed by the versatile and broad field of

chemical engineering. Also see Figure 2.7 for photos of chemical engineering applications

of the same scales as represented by the flow diagrams in Figure 2.6.
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FLUID HANDLING
Centrifugal 
pump 
or blower

Centrifugal 
compressor

Centrifugal 
compressor, 
alternate symbol

HEAT TRANSFER

Shell-and-tube 
heat exchanger

Tubeside

Shellside Air cooler 
with finned 
tubes

Fired heater
Process 
stream

Rotary 
dryer 
or kiln

Process 
stream

Heat 
source

Tray dryer

Spray condenser

Water

Coil in tank

Cooling tower,  
forced draft Air

Water

MASS TRANSFER

Tray column Packed column 
(2 packed beds)

Spray column

Grinder

VESSELS

Drum or tank

Drum or tank

Storage tank

Open tank

Gas holder

Open vessel 
with agitator

Jacketed 
closed vessel 
with agitator

Bin for solids

Filter

1

14

35

Fuel

Turbine Valve

Control 
Valve

Membrane 
separator

Figure 2.5 Typical symbols used in process flow diagrams and piping and instrumentation diagrams
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Since a few homework problems in this book include the construction of some simple

process flow diagrams, the following procedure is suggested for that construction:

!

IMPORTANT
SUMMARY!

Steps for

Constructing a

Process Flow Diagram

1. Identify streams entering the process (“feed streams”) and exiting the process

(“product streams”).

2. Identify key process steps and major equipment items needed for the process.

3. Determine the symbol to be used for each major piece of equipment.

4. Draw the symbols on the flow diagram and connect them with appropriate

stream lines. The general flow of the diagram should be from left to right.

5. Label major pieces of equipment, usually using abbreviations of a few letters

and numbers (e.g., P-2 for pump #2 and HX-15 for heat exchanger #15). For this

introductory course, full names can also be used (as in Figure 2.6).

6. Label streams with a number and/or letter (e.g., 10, A, or 10A).

7. Include a stream table, if desired, that contains information about each stream

(described below).

EXAMPLE 2.2 A common practice when performing open-heart surgery is to divert the patient’s blood through a

“cardiopulmonary bypass” system or “heart-lung machine.” The following configuration is an exam-

ple:

A. The blood from the main veins (called “venous blood”) is caused to leave the body through

plastic tubing.

B. An intravenous (IV) line adds anticoagulant drugs to the tubing.

C. The blood passes through a centrifugal pump, which provides the flow of the blood through

the system.

D. The blood passes through the coil side of a coil-in-tank-type cooler to cool the patient’s blood

(to reduce oxygen requirements). Ice water enters and leaves the tank to supply the cooling.

E. The cooled blood passes through the tube side of a shell-and-tube mass exchanger (called

an oxygenator and is very similar to a shell-and-tube heat exchanger). A gas stream passes

through the shell side of the oxygenator. In the oxygenator, oxygen passes through the walls

of the tubes and enters the blood, where the following reactions occur:

Hb + 4O2 → Hb(O2)4

H2CO3 → H2O + CO2

Hb represents “hemoglobin,” the protein inside red blood cells that carries the oxygen. The

carbon dioxide passes from the blood through the walls of the tubes and into the gas stream.

Thus, when the gas stream enters the oxygenator, it consists mainly of oxygen, and when it

leaves, it contains much more carbon dioxide than when it entered.

F. The blood leaving the oxygenator passes through a filter, which traps air bubbles and removes

them from the blood to form an air stream output from the filter.

G. The blood (now called “arterial blood”) returns to the patient and enters the main artery.

Construct a pictorial process flow diagram using the symbols in Figure 2.5 (without a stream table).

SOLUTION The solution is shown as an example of biomedical engineering in Figure 2.6c (also see Figure 2.7c).
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Anticoagulant Ice Water

Cooler

Oxygenator

Air

Filter

O2-Rich 
Gas

CO2-Rich 
Gas

From 
Patient Venous 

Blood

Arterial 
BloodTo 

Patient

 
Chemicals 
Manufacturing 
e.g., Nitric-acid 
production 
(adapted from 
ref. 1)

Biomedical 
Engineering 
e.g., Cardio- 
pulmonary 
bypass

Micro-/Nano- 
Technology 
e.g., Lab-on-a-
chip system 
for detecting 
an environ-
mental pollut-
ant (adapted 
from ref. 2)

 
Food 
Manufacturing 
e.g., Yogurt 
production

Cooler

Reactor

Compressor

Condenser

Absorber

Vaporizer

Air

Filter

Filter

Mixer

Water

Ammonia

Product

Tail Gas

W.H.B.
(Oxidizer)

Milk 
Cream 
Stabilizers 
Sugar

Mixer HomogenizerPreheater

Steam

Pasteurizer

Texturizer

Cooler

Fuel

Coolant

Fermenter

Starter
Culture

Coolant
ChillerFlavoring

FruitYogurt
Product

Carrier gas

Sample

Micromixer 1 Microreactor

Reagent 1

Micromixer 2

Reagent 2

Detector

a.

b.

c.

d.

Figure 2.6 Sample process flow diagrams from a variety of chemical processes
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Lab-on-a-chip assembly associated with the process represented 
in Figure 2.6d. Used with permission.2

d.

A student operates cardiopulmonary bypass equipment in a 
simulated open-heart operation.  The equipment utilizes 
chemical engineering principles and processes as represented 
in Figure 2.6c. Courtesy of Midwestern University, Glendale, 
AZ.

c.

Food production process similar to that represented in Figure 
2.6b. The process is being viewed from a computer control room. 
Courtesy of Breyers Yogurt Co., North Lawrence, NY.

b.

A large-scale chemical processing facility similar to that 
represented in Figure 2.6a. Courtesy of Eastman Chemical 
Company, Longview, TX.

a.

Figure 2.7 Photos of chemical engineering applications of the same scales as represented by the flow diagrams in Figure 2.6.
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Often, the pictorial representation of a PFD is accompanied by a stream table, which

provides quantitative information about each stream in the diagram. Figure 2.8 shows the

PFD for the same nitric acid plant represented in the block diagram in Figure 2.3 and

the Chemicals Manufacturing in Figure 2.6a, but now accompanied by a stream table.

Each stream is identified with a number or letter, and the data for the streams are usually

compiled in a stream table at the bottom of the flowsheet. The amount of information given

in the stream table will vary but usually includes:1

1. Stream composition. Most commonly, this is given as either of

a. the flow rate of each individual chemical species

b. the percentage or fraction of each species in the stream

2. Total stream flow

3. Stream temperature

4. Normal operating pressure of the stream

5. The basis for the information in the table (e.g., in Figure 2.8, the indication in the

top left corner of the table that the flow rates are in units of kg/hr)

Other information, such as physical property data, composition, and so forth, may also be

added.

2.2.1 Piping and Instrumentation Diagrams (P&ID)

A piping and instrumentation diagram (P&ID) provides even greater detail for a pro-

cess than do PFDs. Further, P&IDs are prepared to be consistent with PFDs, usually using

the same numbers or letters as in the PFD to represent streams and equipment. However,

P&IDs also include the engineering details of equipment, instrumentation, piping, valves

and fittings. Piping size, material specification, process instrumentation, and control lines

are all shown on P&IDs. Utility (steam and high-pressure air) lines are also included on

the diagram. All streams and utility lines entering and leaving the diagram are identified

by source or destination. Figure 2.9 is an example of a small portion of such a diagram.

CONCLUDING COMMENTS

This chapter has provided a brief introduction to chemical processes. Such processes

are used to make the many intermediate and final products described in Chapter 1. Through-

out the remainder of this textbook, the basic phenomena in chemical processes will be

introduced, along with fundamental principles that govern those phenomena. Simplified

design of processes will be demonstrated, and opportunities will be presented to practice

those design exercises. Meanwhile, an entire process will be developed to address the orig-

inal “assignment” presented in Chapter 1.
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Figure 2.8  Process flow diagram (PFD) with stream table for a low-pressure nitric-acid process (adapted from ref. 1)
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Figure 2.9 Example showing a portion of a piping and instrumentation diagram (adapted from ref. 3)
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READING QUESTIONS

1. In the definition of a chemical process, what is the purpose

of the equipment and conditions used in the process?

2. How does a continuous process differ from a batch pro-

cess?

3. What distinguishes a process as being steady-state?

4. How does a PFD differ from a block diagram?

5. In our example of making chemical C from A and B, we

formulated an automated process (Fig. 2.2) to replace a labora-

tory scheme (Fig. 2.1). What equipment in the automated pro-

cess replaced each of the following laboratory equipment items?

test tubes

laboratory burner

reaction vessel

distillation apparatus

HOMEWORK PROBLEMS

1. Classify the following as either batch or continuous pro-

cesses, and indicate whether each is a steady-state or an unsteady-

state process:

a. A “surge tank” is used when a liquid is coming from one

part of a process at a variable rate and we want to pro-

vide a reservoir of that liquid to feed another part of the

process. Thus, a surge tank continuously (but at vary-

ing flow rates) receives liquid from an incoming stream

and also loses that same liquid continuously (also pos-

sibly at changing flow rates) in an outgoing stream. The

volume in the tank also changes with time.

b. We bake a cake by mixing together the ingredients in a

cake pan, placing the pan and mixture in an oven for a

prescribed amount of time, and then removing the cake

to cool down.

c. A company produces latex paint base by mixing to-

gether the ingredients for the paint. All flow rates are

held constant to maintain the proper ratio of ingredients.

Working around the clock, the company makes approx-

imately 800 gallons of paint every 24 hours.

2. The procedure for treating patients with insufficient kid-

ney function is called “hemodialysis.” This procedure typically

takes place for approximately 4 hours, three times per week.

The following configuration is representative:

A. The “impure” blood (containing waste products that

need to be removed) is caused to leave the body from

a blood vessel through plastic tubing.

B. An anticoagulant called “heparin” is added continuously

to the tubing carrying the “impure” blood to prevent

clotting in the hemodialysis system.

C. The blood passes through a centrifugal pump, which

provides the flow of the blood through the system.

D. The blood passes through the “tube” side of a shell-

and-tube “mass exchanger’ (which is called a “hemodi-

alyzer” and is very similar to a shell-and-tube heat ex-

changer). A liquid stream of “warm dialysate” passes

through the “shell” side of the hemodialyzer. In the

hemodialyzer, the waste products in the blood pass

through the walls of the tubes and enter the dialysate.

E. The blood leaving the hemodialyzer passes through a

filter, which traps particulates (typically, clusters of

cells) and removes them from the blood.

F. The “cleansed” blood returns to the patient.

G. The dialysate is prepared from a dialysate concentrate,

which is purchased and diluted during the procedure to

the desired concentration. To accomplish this dilution,

the concentrate is pumped through tubing to a junction

in the tubing where it joins another tubing stream carry-

ing ultrapure water. The ultrapure water is prepared by

pumping it from a distilled water source through tub-

ing and through an ultrapure filter before joining the

dialysate concentrate. After the dialysate concentrate

and ultrapure water streams join, the dialysate is at its

proper diluted concentration, as determined by the rel-

ative pumping flow rates of the water and concentrate

pumps.

H. The diluted dialysate flows through a heater (coil-in-

tank type, with a stream of hot water flowing through

the heater to provide the heat) to produce “warm dialy-

sate.”

I. The “warm dialysate” stream passes through the hemodi-

alyzer as described in part D and then flows to the drain.

Construct a pictorial Process Flow Diagram (without the stream

table) using the symbols given in Figure 2.5.
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3. In 2007, a group of students and faculty from Brigham

Young University developed and took to Tonga a process for us-

ing coconuts (available in plentiful supply) to produce biodiesel

fuel and soap (both products of high value to the Tongan peo-

ple). The process consists of the following:

A. The coconuts are preprocessed (the preprocessing

method doesn’t need to be represented on the diagram)

to produce coconut milk and “dry” coconut oil.

B. The coconut oil passes through an “Oil Heater” (fuel-

type) before entering a reactor (open-tank, stirred).

C. Methanol and a small amount of sodium hydroxide

(NaOH, acting as a catalyst) are mixed together in a

mixer (open-tank, stirred), and the resulting mixture

also enters the reactor described in B.

D. In the reactor (described in B), the methanol and co-

conut oil react to form biodiesel and glycerol. Two

streams leave the reactor: crude biodiesel (also contain-

ing some water and residuals) and glycerol (also con-

taining unreacted methanol).

E. The crude biodiesel passes through a “washer” where

water is sprayed into the stream (like a spray condenser),

and a stream of water and residuals leaves the bottom

of the washer. Meanwhile, the washed (wet) biodiesel

leaves the washer and passes through a water filter,

which removes most of the water.

F. The biodiesel finally enters a 2-stage evaporator. Stage

1 is a “Diesel Heater” (fuel-type) that warms the bio-

diesel, which then enters Stage 2, a “Water Evaporator”

tank (horizontal tank) where the water vapor evaporates

and exits from the top, while the dry diesel exits the

bottom.

G. The glycerol stream from the reactor (described in D)

enters a 2-stage evaporator. Stage 1 is a “Glycerol

Heater” (fuel-type) that warms the glycerol stream,

which then enters Stage 2, a “Methanol Evaporator”

tank (horizontal tank) where the methanol vapor evapo-

rates and exits from the top, while the purified glycerol

exits the bottom.

H. The purified glycerol from G enters a Solidifier (open

tank, mixed). Also entering the Solidifier is some salt

(NaCl) solution (a solidifying agent) and some of the

coconut milk (described in A). From the Solidifier

comes the solid soap.

I. The methanol vapor leaving the Methanol Evaporator

(described in G) passes through a “Methanol Condenser”

(coil-in-tank), with a cold-water stream providing the

cooling. The condensed methanol leaving the condenser

is returned to make up part of the methanol stream en-

tering the mixer described in C.

Construct a pictorial Process Flow Diagram (without the stream

table) using the symbols given in Figure 2.5.

4. Hydrogen gas is a valuable product, because it is used as

a feedstock (starting material) for many chemical processes. A

common way to produce high-purity hydrogen gas is by reac-

tion of propane gas with steam using the following scheme:

A. The propane gas is first sent to a Desulfurizer to remove

any sulfur present in the propane gas, because the sulfur

would poison catalysts in later process steps.

B. Steam is added to the desulfurized propane, and the

combined gas is sent to a Reforming Furnace (a fired

heater) (1500◦F) to produce the reforming reaction:

C3H8 + 3H2O → 3CO + 7H2

C. More steam is added to the gas mixture leaving the Re-

forming Furnace, and the combined gas goes to a CO

Converter, where the carbon monoxide in the mixture is

converted:

CO + H2O → CO2 + H2

D. The gas mixture from the CO Converter enters the CO2

Absorber, where most of the CO2 in the mixture is ab-

sorbed into an amine solution.

E. The gas mixture from the CO2 Absorber now contains

H2 with traces of CO and CO2. The last traces of CO

and CO2 are converted to methane in a Methanator:

CO + 3H2 → CH4 + H2O

CO2 + 4H2 → CH4 + 2H2O

a. Construct a block diagram for the process described

above.

b. Construct a pictorial process flow diagram (without the

stream table) using the symbols given in Figure 2.5. The

following additional information will be helpful:

• Liquid propane will be fed from a Propane Tank.

• The propane leaving the Propane Tank is va-

porized via a shell-and-tube heat exchanger in

which steam is used on the tube side (see the

next bullet).

• A shell-and-tube heat exchanger (as you will

learn later) is a cylinder (shell) through which a

number of tubes pass. One fluid flows inside the

tubes (tube side), and the other fluid flows out-

side the tubes but inside the outer cylinder (shell

side), and the streams don’t mix. In the symbol

for a shell-and-tube heat exchanger, a line rep-

resenting the tube side passes through the circle

(which represents the shell or outer cylinder).

Other lines stop at the boundary of the circle to

represent the shell-side fluid entering and leav-

ing the shell. The orientations and directions of

the lines and arrows are not critical.

• The Reforming Furnace is a fired heater.

(Continued on the next page.)
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• The Desulfurizer, CO Converter, CO2 Absorber, and

Methanator are packed columns with one bed of pack-

ing each, and the process gas enters the bottom and exits

the top. In the case of the CO2 Absorber, amine solution

enters the top (Amine Solution In) and exits the bottom

(Amine Solution Out), where the source and destination

of the amine solution streams will not be indicated.

• For the CO2 Absorber, the Absorber inlet stream is

cooled by two shell-and-tube heat exchangers in series.

In the first exchanger, the Absorber inlet stream flows

through the shell side, while cool outlet gas is looped

back from the Absorber to flow through the tube side

before continuing on its way to the Methanator. In the

second exchanger, the Absorber inlet stream again flows

through the shell side, while water is used as the tube-

side coolant.

• The gas leaving the Methanator is cooled again by wa-

ter in a shell-and-tube exchanger (the gas on the shell

side), and the diagram should label the cooled stream as

“Purified hydrogen to storage.”

5. A common and important process is the manufacture of

gelatin for food, pharmaceuticals, photographic film, and var-

ious technical applications. The chemistry is the simple hydra-

tion of collagen from animal bones or skins:

C102H149N31O38 + H2O → C102H151N31O39

collagen water gelatin

Bones must be pretreated with steam to remove the grease,

crushed into small particles, and then sent to a series of acid-

wash steps to remove calcium phosphate and other mineral mat-

ter. The remaining collagen then goes to long storage (1 month

or more) in lime to remove soluble proteins before finally going

to the reactor and purification processes. An abbreviated process

flow diagram appears below (Fig. P2.5).

For your interest, to produce 1 ton of gelatin requires approxi-

mately 3 tons of bones, 1 ton of hydrochloric acid, 3/4 tons of

lime, and 400 lbm of steam.

For each of the following operations in this process, which of

the first four chemical engineering phenomena (fluid mechan-

ics, heat transfer, mass transfer, and reaction engineering) do

you think are important parts of the operation?

a. Cooker: Steam is used to heat the bones and cause the

grease to flow more easily. The stream of grease is

caused to flow away from the bones.

b. Acid Wash: A stream of acid is brought in and mixed

with the bone particles. The acid reacts with the solid

material of the bones to break down that material and

release the calcium phosphate and other minerals. The

acid stream also carries away the minerals as it leaves

the process.

c. Dryer: Steam is brought into the compartment where

strips of gelatin are laying on trays. The steam heats the

compartment until the gelatin is completely dry.

Bones

Steam

Grease

Disintegrator

HCl

Ca3(PO4)2

Acid Wash

Lime Pit

H2O

H2O

Reactor

Extraction 

Tank

Pressure 

Filter

Cast in 

Molds

Cooler 

Cut in 

Strips

Lime

Dryer

Steam

Steam

Grinding

Finished 

Gelatin

Figure P2.5 Process for Gelatin Manufacture (adapted from ref. 4)
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Chapter 3

Solving Engineering Problems
(What Shall We Do?)

3.1 STRATEGIES FOR SOLVING PROBLEMS

As mentioned in Chapter 2, chemical engineers use chemical processes to produce a

variety of useful products. The successful design and operation of those processes requires

that chemical engineers solve many different kinds of problems. Typically, the kinds of

problems that must be solved are initially poorly defined, meaning that the most decisive

questions or issues are not yet apparent. Problems encountered by chemical engineers also

have several possible solutions. For example, the problem introduced in Chapter 1 (the

company that was disposing of our HCl is going out of business) might be solved in a

number of ways. Once problems are more clearly defined and one or more solution strate-

gies are selected for analysis, the engineer then performs specific calculations to address

well-defined questions. Many of the homework problems in this book are representative of

such engineering calculations.

Now, it’s time to introduce some steps for solving any engineering problem and to

apply them to the problem that was described in Chapter 1. Such steps can be defined and

grouped in a variety of ways, but the same elements are found in any such construction.

One list of steps would be as follows:

1. Define the problem.

2. List possible solutions.

3. Evaluate and rank the possible solutions.

4. Develop a detailed plan for the most attractive solution(s).

5. Re-evaluate the plan to check desirability.

6. Implement the plan.

7. Check the results.

Now, let’s describe each of these steps and then apply them to the problem posed in

Chapter 1.

1. Define the problem:

Very often a problem goes unsolved because it has not been defined clearly and

correctly. This is illustrated by the following example:

29
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EXAMPLE 3.1

The Importance of

Defining the Problem

A chemical engineer working for an oil company was assigned to solve a problem associated with a

piece of equipment that the company had recently purchased and installed but that did not perform

according to expectations. The equipment was a heat exchanger, a device for transferring heat from

a hot stream to a cold stream, and was purchased to heat a particular stream of liquid to a certain

temperature. When the young engineer investigated the situation, he learned the following:

The oil company had ordered the heat exchanger from a reputable specialized company for which

such devices were its only products. As part of the order, the amount of heat that the exchanger had

to be able to transfer had been specified by an engineer at the oil company. Once constructed, deliv-

ered, and installed, the heat exchanger did not raise the temperature of the targeted liquid stream to

anywhere near the desired value. Engineers at the oil company had been debating among themselves

for several months about the reasons for the inadequate performance, with some arguing that the heat

exchanger had been constructed improperly and others insisting that it had been installed incorrectly,

with both sides proposing elaborate theories to support their arguments.

When the young engineer collected temperature and flow-rate information for the streams going

through the exchanger, his calculations indicated that the exchanger was transferring the amount of

heat specified in the original order. Indeed, the amount of heat needed to raise the liquid stream to

the desired temperature was larger than had been specified in the order. For months, the engineers

had been defining the problem as a malfunction of the heat exchanger. The more correct definition,

that the temperature of the liquid stream was not being raised sufficiently, would have allowed them

to consider the possibility that the “duty” of the heat exchanger had been incorrectly specified in the

original order.

For our problem, we are looking for a way to continue viable operation of

our process without depending on the company that has been disposing of our acid

waste. From our company records, we learn that the average acid stream flow rate is

11,600 L/hr and that the average HCl concentration in the waste stream is 0.014M.

2. List possible solutions:

In generating possible solutions, we need to keep an open mind and not discard

ideas too quickly. Sometimes, strategies that seem impractical at first turn out to be

better than originally thought or become springboards to better ideas. Therefore, a

list of many possible ideas should be written down before evaluating any of them.

For our problem, how many possible solutions can you think of? Let’s list a

few:

a. Change our company process so that the acid is not produced.

b. Contract with another independent company to take the acid away.

c. Build giant holding tanks to store the acid for 10 years.

d. Discharge the acid to an evaporation pond built on the company site.

e. Discharge the acid into the lake next to the company site without treatment.

f. Treat the acid and discharge it into the lake.

3. Evaluate and rank the possible solutions:

Full evaluation of some of these strategies would require consideration of many

factors ranging from construction costs to governmental fees and could actually

involve days, weeks, or months to complete. For the sake of this exercise, only brief

arguments and conclusions will be presented to illustrate the evaluation process.

a. Change the process so acid is not produced: This may be possible, but al-

ternate processes are usually not known or are extremely expensive. For our

present operation, let’s say that no alternate process is known. Note that one of

the important elements of modern process design is the minimization of and,

where possible, the elimination of waste streams.

b. Contract with another company to take the acid away: An independent com-
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pany would have to treat and dispose of the acid just as our company would

have to do. In addition, transportation costs and profit for that company would

be added onto the charge we would have to pay. Thus, it would seem that we can

do it more cheaply. This would not be true, however, if the independent com-

pany already had equipment for doing the necessary treatment. For this analysis,

let’s say that no such company can be identified.

c. Build holding tanks for 10 years of storage: The required volume of such tanks

would be

11,600L/hr× 24hrs

1 day
× 365days

1 yr
×10yrs = 1.0billionL

(notice how that calculation was made). To estimate how many tanks would be

needed, suppose that each tank was cylindrical and was 10 m in diameter and 5

m high. The volume occupied by each tank would be

Volume =
π

4
D2H =

π

4
(10m)2(5m) = 393m3

Knowing that there are 1000 L in a cubic meter, you should be able to

calculate that 2,587 tanks would be needed. We can prepare a cost estimate

for building and maintaining this many storage tanks, but our intuition tells us

that this would be prohibitively expensive. In addition, we would still have to

do something after 10 years to allow us to keep operating, such as building still

more tanks. Finally, and perhaps most importantly, it is obvious that simple stor-

age and accumulation of waste is not a sustainable solution and is not suitable

from an environmental perspective.

d. Discharge the acid to an evaporation pond: Evaporation ponds are useful for

concentrating waste solutions. We would need to construct the ponds, making

sure that no acid leaked into the ground water. Land would have to be available,

since these ponds would be large (remember we have to evaporate 11,600 L

of water per hour). If that land was distant from the company site, transporta-

tion costs would need to be included in the cost estimates. If the temperature is

near or below freezing for a significant fraction of the year, the evaporation rate

would be low and unpredictable during that time, and the ponds would need to

accumulate at least 6 months of waste (50 million L) and to evaporate at twice

the yearly average rate (23,200 L/hr) during the warmer months. A study of

evaporation rates and processes suggests that the construction of ponds large

enough for this process would be excessively expensive. In addition, the state

environmental agencies would require a study to ensure that the amount of acid

carried into the air with the evaporating water would not exceed maximum lim-

its. Finally, we would eventually need to dispose of the concentrated acid left as

a result of the evaporation process.

e. Discharge the acid to the lake: If the acid was added to the lake without treat-

ment, the change in acidity of the lake would kill both the plant life and the

fish in the lake. Such a result would be contrary to your own feelings of envi-

ronmental responsibility and would violate the regulations of the U.S. Environ-

mental Protection Agency (EPA) and the state water quality standards, resulting

in heavy fines and legal prosecution. Therefore, any plan to discharge the stream

into the lake without treatment is simply unacceptable.

f. Treat and discharge the acid into the lake: As noted in (e), any plan to dis-

charge the acid waste stream must include treatment of the stream, such as neu-

tralizing the acid in the stream with a basic solution. An additional considera-

tion would be the temperature of the final discharge to the lake, since the waste
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stream is usually much warmer than the lake. Plant and fish life would both

be affected by the continual addition of excessively warm water. The average

temperature of the entire lake might rise. More important, the local temperature

in that part of the lake where the discharge takes place would rise significantly.

Thus, the process would need to include cooling the stream to a target tempera-

ture. This process of neutralization and cooling might be similar to the strategy

used by the company that has been disposing of the acid up to now. A process

design would need to be established, and the cost of construction and operation

would need to be estimated. One advantage of this plan is that the operating

expense of this on-site process should be less than the fees paid to the previ-

ous disposal company, and the savings may offset the cost of building the new

facility.

4. Develop a detailed plan for the most attractive solution(s):

The analysis of the various options illustrated above is brief, and a more in-depth

and exhaustive analysis would normally be conducted. Let’s suppose that a prelim-

inary analysis suggests that option (f) is the best option. Continuing the scenario

in which you imagine yourself as the engineer assigned to make this decision, let’s

suppose that you have selected the strategy of neutralizing the acid by addition of

sodium hydroxide to the waste stream. Sodium hydroxide is an example of a class

of chemicals that we call “bases” that readily release a hydroxide group (OH−),

and bases and acids react together to form water and salt. In this case, the reaction

between the sodium hydroxide and the hydrochloric acid is

HCl + NaOH → H2O + NaCl (3.1)

You will recognize that the sodium chloride (NaCl) is common table salt. Adding

it to the lake will increase the salinity of the lake. Knowing that salt falls under

the category of dissolved solids, we do a little homework to find the maximum dis-

solved solids allowed by state regulations. For example, in Utah, those regulations

are found in the document Standards of Quality for Waters of the State, which is

part of section R317-2 of the Utah Administrative Code. In that document, we learn

that the upper limit for dissolved solids in water that may have agricultural appli-

cations is 1200 mg/L, which is the same as 1.2 g/L. From the atomic weights given

in the front of the book, the molecular weight of sodium chloride is 23.0 + 35.5 =

58.5 g/gmol. Therefore, the final concentration cannot exceed

1.2g/L

58.5g/gmol
= 0.02gmol/L

Since we plan to neutralize acid that has an average concentration of 0.014 gmol/L,

and the neutralization reaction will produce one mole of salt per mole of acid, the

average salt concentration will never be greater than 0.014 gmol/L. In addition, the

dilution provided by adding the NaOH solution will further decrease the resultant

salt concentration, so that the average salt concentration will be well within the

limits of the state regulations.

There is obviously much more detail needed for the design of the acid-neutralization

process. Additional planning, analysis, and evaluation of this process are included in the

remainder of this book. This effort will require that we learn and apply some fundamental

principles of chemical engineering.
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At this point, we have a concept for the process we want to develop, so it would be ap-

propriate to draw a simple block diagram or process flow diagram as described in Chapter

2. Let’s assume that the HCl waste product can be collected from the manufacturing pro-

cess and held in a tank that we can use to feed our neutralization process. This is a smart

thing to do, because the rate of HCl production may not exactly match the rate of utiliza-

tion in the neutralization process at every minute; the tank will allow these two processes

to be operated independently. Let’s also assume that we will have our NaOH available in

another tank to use in the neutralization process. Finally, we will assume that a reactor will

be necessary for the neutralization reaction to take place. Thus, the process flow diagram

(without a stream table) would look something like Figure 3.1.

HCl from 
Manufacturing 
Process HCl Tank

NaOH Tank Neutralization 
Reactor

To Disposal

Figure 3.1 Process flow diagram for acid neutralization concept

3.2 ETHICAL CONSIDERATIONS IN SOLVING PROBLEMS

Code of Ethics

Each of the major engineering societies expresses its commitment to ethical standards in

the form of an ethical code. Among those societies is the American Institute of Chemical

Engineers (AIChE), which has the adopted the following code:

AIChE Code of Ethics

(Revised January 17,
2003)

Members of the American Institute of Chemical Engineers shall uphold and ad-

vance the integrity, honor, and dignity of the engineering profession by: being honest

and impartial and serving with fidelity their employers, their clients, and the public;

striving to increase the competence and prestige of the engineering profession; and

using their knowledge and skill for the enhancement of human welfare. To achieve

these goals, members shall:

• Hold paramount the safety, health, and welfare of the public and protect the

environment in performance of their professional duties.

• Formally advise their employers or clients (and consider further disclosure, if

warranted) if they perceive that a consequence of their duties will adversely

affect the present or future health or safety of their colleagues or the public.

• Accept responsibility for their actions, seek and heed critical review of their

work, and offer objective criticism of the work of others.

(continued on the next page)
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AIChE Code of Ethics
(continued) • Issue statements or present information only in an objective and truthful man-

ner.

• Act in professional matters for each employer or client as faithful agents or

trustees, avoiding conflicts of interest and never breaching confidentiality.

• Treat fairly and respectfully all colleagues and co-workers, recognizing their

unique contributions and capabilities.

• Perform professional services only in areas of their competence.

• Build their professional reputations on the merits of their services.

• Continue their professional development throughout their careers, and provide

opportunities for the professional development of those under their supervision.

• Never tolerate harassment.

• Conduct themselves in a fair, honorable, and respectful manner.

It is clear from this code that, in all plans and considerations associated with solv-

ing problems, chemical engineers have the responsibility to promote safety, to protect the

environment, to treat others with respect and fairness, and to act ethically. These responsi-

bilities are borne by each individual engineer and by companies (which are, after all, just

collections of people).

Safety

Every company must be concerned about the safety of its own employees and of the public

affected by its operations. This responsibility stems primarily from concern about people,

but safety lapses can also expose a company to substantial financial liabilities, including

lost productivity. Thus, many companies maintain a strong culture of safety for their em-

ployees, supported by frequent training sessions, posted reminders throughout their facil-

ities, associated rewards and punishments, and an attempt to encourage honest employee

feedback from personnel at all company levels. In addition, engineering companies must

be vigilant in protecting the community surrounding its operation and protecting the cus-

tomers using its products. Thus, all reasonable practices should be consistently imple-

mented to promote the safety of these groups of people, and any potential safety risks

should be promptly reported to supervisors who can take steps to reduce those dangers.

Protecting the Environment

Chemical engineers have an important responsibility to protect the environment. This is

particularly true today with our increasing world population and its greater use of technol-

ogy. Local and global environmental issues have the potential to impact the very viability

of our way of life. The needs of developing countries are particularly critical, since we can-

not afford for them to pass through the same pollution-intensive pathways once followed

by the world’s most developed nations. Chemical engineers have the skills and experience

needed to address today’s pressing problems and to make possible a better tomorrow.
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Avoiding Harassment

All professionals, including chemical engineers, are morally obligated to treat their as-

sociates with respect, independent of race, gender, and lifestyle. That respect should be

manifest in all interpersonal interactions. In addition, all decisions pertaining to advance-

ment, salary, and other recognition should be fair and based on professional performance,

again without regard to race, gender, and lifestyle. In addition, chemical engineers should

be prepared to defend the rights and fair treatment of their colleagues.

Ethical Practice

Observing the AIChE Code of Ethics summarized above requires that individual profes-

sionals and companies are truthful and responsible in all aspects of their professional ser-

vice. While most engineers and companies uphold their ethical responsibilities, there have

been notable exceptions. The line between ethical and unethical behavior is sometimes

blurred, and decisions can be quite difficult, especially under the influence of pressure by

management to take a particular path. Each engineer has the responsibility to aggressively

pursue an ethical path and to help others to do the same. The consequences of unethical

behavior can be disastrous personally and collectively, while the consequence of ethical

choices (even hard ones) ultimately is a clear conscience. You should make the decision

now to always practice your profession in an ethical manner.

3.3 THE USE OF TEAMS IN SOLVING PROBLEMS

Up to now in this chapter we have discussed several steps that should be utilized by

chemical engineers as they solve problems. However, today’s engineer does not work in

a corner alone. Rather, most problem-solving is done by teams of engineers working to-

gether. These teams are often multidisciplinary, bringing together individuals with a variety

of different experiences and training. A key assumption is that the team working together

can accomplish more than the sum of the efforts of each individual team member working

alone. Unfortunately, not all teams work effectively. Our objective in this section is to pro-

vide a very brief introduction to several aspects of teamwork that help teams to function

more effectively.

3.3.1 Ingredients for a Successful Team

Ingredients that contribute to a successful team include the following1:

1. A clear mission or set of goals

2. A plan for attacking problems

3. Clearly defined roles

4. Clear communication

5. Well-defined decision procedures

6. Balanced participation

7. Established ground rules

8. Awareness of group processes
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3.3.2 Learning to Work Together

Even with important team ingredients (as listed above) in place, assigning a group of

people to work together does not make them an effective team. In order to work together

effectively, the members of the group must learn to accept each other and to utilize their

respective talents for the benefit of the group. How does this work in practice? Researchers

have identified several distinct developmental stages related to groups1. The stages are

summarized in Table 3.1.

Table 3.1 Stages of Team Development (adapted from ref. 1)

1. Forming Organization of the group, setting of rules and procedures, introductions of members

and learning a little about each other.

2. Storming Emergence of conflict caused by different perspectives, experiences, backgrounds

and views. This is the time when most groups will fail.

3. Conforming Coming to the agreement to disagree; tolerance of varying views and opinions and

perspectives. Individuals accept the team, their roles on the team, and the individu-

ality of the various team members.

4. Performing Utilization of individual differences for the benefit of the group and the work of the

group. Varying perspectives and differences are viewed as advantages rather than

hindrances.

The performing stage at the bottom of Table 3.1 is the most productive stage, so the

goal is to move a team through the other developmental stages to the performing mode as

quickly as possible. Some teams are able to reach the performing stage in just a couple of

meetings, while others may take weeks or even months to reach the same level of perfor-

mance. Recognition of the stages in group development helps to smooth the transition to

the performing stage.

3.3.3 Diversity

One of the real advantages of a team is that it brings people of different talents, abili-

ties, and experience together to work on a common objective. It is this diversity that enables

a team to be more than just a sum of the individuals who make up the team. This diversity

can also lead to conflict (Storming, Table 3.1) as the team members learn to work together.

In order to minimize conflict and fully utilize the potential of the team, each member of the

team should have a clearly defined role. Ideally this role should correlate with the strengths

of each individual member of the team. To describe such strengths, the responses of people

to a goal or task have been classified into the four general categories2 described in Table

3.2.

Different individuals have different levels of preference for each of these modes of

action. Some people have a strong preference for a single mode (e.g., quick-starting) that

dominates their goal-driven actions. An individual may also strongly resist action in a par-

ticular mode or modes. Others are able to accommodate all four modes of action, adapting

to whatever mode is necessary. This last group of people are referred to as facilitators. Fa-

cilitators can play a very important role in team work, since they are able to work with and

accommodate individuals with various action-mode preferences.
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Table 3.2 Characteristic Responses to a Goal or Task (adapted from ref. 2)

Fact Finder Precise, judicious and thorough, this mode deals with detail and complexity, seeking

to be both objective and appropriate. Keen at observing and at gathering informa-

tion, sometimes Fact Finders can be too judicious, seeming overly cautious as they

wait for more data. Keyword: probe.

Follow Thru Methodical and systematic, this mode is focused and structured, and brings order

and efficiency. Follow Thru people are meticulous at planning, programming, and

designing, and predictability is essential to their being. Keyword: pattern.

Quick Start With an affinity toward risk, this mode is spontaneous and intuitive, flexible, and

fluent with ideas. Quick Starters are deadline- and crisis-oriented. They need an at-

mosphere of challenge and change, and sometimes they can be impatient. Keyword:

innovate.

Implementer Hands-on, craft-oriented, this mode brings tangible quality to actions. Implementers

have a strong sense of three-dimensional form and substance and the ability to deal

with the concrete. Keyword: demonstrate.

There are several important points that can now be made. First, people are different.

Not everyone will respond to a task in the same fashion. Understanding this fact is critical

to your success in working on teams. Second, there is not one “right” or correct mode of ac-

tion. The different modes of action represent different talents and preferences. A team pro-

vides the opportunity for these different talents to be used together to accomplish a shared

objective. Third, an attempt should be made to match an individual’s talents with his or her

role on the team. It is not very productive to send someone who strongly prefers the Quick

Start mode on a fact-finding mission. Similarly, an individual who acts dominantly in the

Fact Finder mode cannot be expected to make spontaneous intuitive decisions. Ideally,

teams should be structured to take full advantage of everyone’s talents. Table 3.3 outlines

Table 3.3 Roles within a Team Structure

Leader/Coordinator The leader is responsible for calling group meetings, handling or assigning

administrative details, planning team activities, and overseeing preparation

of reports and presentations.

Observer/Summarizer This individual is responsible for observing the operation of the group and

summarizing key issues.

Data Gatherer This individual or group of individuals is responsible for gathering data

needed for the team to accomplish its goals. Data gathering is typically ac-

complished between team meetings. It may take the form of gathering quan-

titative data or may consist of qualitative observations, and the like.

Devil’s Advocate Having a devil’s advocate on the team is useful in probing and evaluating the

work of the team. Formal recognition and use of this role turns what might

be perceived as a negative contribution into a positive and important part of

the total group effort.

Recorder The recorder writes down the group’s decisions and edits the group’s report.
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examples of roles that team members may have within that structure. Other tasks, such

as preparation of presentations and reports, charting data, and so forth, are assigned to

members of the team as needed.

One of the important messages of this discussion is that engineering involves the col-

lective contributions of teams, and that those contributions are affected by the differences

between people and their ability to mold their team into a cooperative unit. It is useful

to illustrate how such differences and team dynamics might work. Let’s imagine that you

were part of a team that was assigned to address the acid-disposal problem and that your

team arrived at the decision to add base to our acid as described earlier in this chapter. The

following is a scenario of how that interaction might have taken place:

Meeting 1: Your team of four engineers (with you appointed as team leader) was

called together to begin forging a solution to the problem of the acid waste. You

took some time in the first meeting to have each team member introduce himself or

herself before getting started. You also summarized the problem and the time frame

allotted by management for completion of the project. Having defined the problem,

you then initiated a brainstorming session to generate a list of possible solutions.

One of the team members, Allyson (a relatively new engineer hired about 3 years

ago) was particularly good at generating ideas. In contrast, Peter (an experienced

engineer nearing retirement) was openly negative about many of the suggestions

and kept trying to close the discussion so that analysis could begin on the sugges-

tions that were already on the board. You found yourself getting a little irritated

with his disruptive influence. You also wondered if he was one of those engineers

who always wanted to analyze everything to death and never seemed to get any-

thing done. Finally, you felt satisfied with the list of possible solutions and you

asked the group how they would like to proceed. Lee (a mid-career engineer and

meticulous planner) suggested that the team meet the next day to perform a prelim-

inary evaluation of the ideas, after which it would be easier to define specific tasks

and set a regular meeting time. Everyone agreed and the meeting was adjourned.

Meeting 2: The preliminary evaluation began well with evidence that both Allyson

and Lee had spent some time preparing for the meeting. However, Peter was openly

critical of everyone and everything. He also boasted of his experience and even

began to belittle Allyson in an attempt to be humorous. She finally told him to

“shut his mouth,” and the conversation between the two became heated. It was

clear that the meeting was going nowhere, so you quickly adjourned before things

got out of control.

Your Office: After allowing things to cool off overnight, you called Peter into

your office. You assured him that his experience and abilities were important to the

success of the team. However, his negative comments and criticism were destroying

the ability of the group to work together. Therefore, it was important that such

behavior stop immediately. You reviewed the stages of team development with him

and pointed out that the team was now at a critical stage. In a very real sense, the

success of the team depended on his willingness to make a positive contribution.

He assured you that he would make the necessary changes. You also encouraged

him to apologize to Allyson.

You also met briefly with Allyson, thanking her for her important contributions

to the group and requesting her continued efforts and patience.
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Meeting 3: The team met again to complete the preliminary analysis of the pos-

sible solutions. Peter made a conscious effort to control his comments and even to

be supportive. Allyson recognized his efforts and requested his opinion on issues

several times during the meeting. The team was able to complete a preliminary

ranking of the ideas, and each member of the group was assigned to perform a

more detailed analysis of one of the top options.

Meeting 4: Results were presented from the analyses performed since the last

meeting. Respect was demonstrated as team members asked questions, expressed

opinions, and offered suggestions. Advantages and disadvantages were listed for

each alternative, as well as the potential cost and feasibility of completing the work

within the specified time frame. Peter was particularly helpful in assessing tech-

nical feasibility. Lee’s experience with planning and costing was also extremely

valuable. Finally, you concluded that it was time to make a decision, and you rec-

ommended that the team pursue the plan to neutralize the acid with sodium hydrox-

ide. The others agreed. Lee was asked to take the lead in developing specific tasks

and a timeline for completion of the project. A regular meeting time was set and

the meeting was adjourned.

CONCLUDING COMMENTS

This chapter began with a discussion of the steps involved in problem-solving. Fol-

lowing those steps, we defined the problem as needing to deal with the acid waste. Then

we listed some possible solutions, including changing the company process, finding an-

other contractor to dispose of the waste, building large tanks to store the acid, building an

evaporation pond, and treating the acid to prepare it for disposal in the lake. After brief

evaluation of the options, the decision was made to pursue the neutralization of the acid

to prepare it for disposal in the lake. Most of this book will center around developing a

process to accomplish that goal, and additional chemical engineering principles will be

introduced as they are needed for that development.

In today’s world, the problem-solving steps mentioned above would most likely be

undertaken by teams of engineers. The advantage of teams is that they bring together peo-

ple of different talents, abilities and experience to work on a common problem. Because of

those differences, the team can accomplish much more than what would be accomplished

by the team members working alone. However, it takes effort to make a team work effec-

tively, and a knowledge of issues related to teamwork is useful in helping teams to reach

their full potential.
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♦ International Teamwork in Engineering Applications

The principles of teamwork have some interesting as-

pects as they are applied to international team efforts. As

we interact around the globe and participate in teams that

include individuals from a number of cultures, the impact

of culture on group dynamics and communication becomes

evident. For example, in individualistic societies such as the

United States, it is commonplace to recognize and reward

the contributions of individuals whose performance has been

outstanding. However, such recognition would not be wel-

come in some cultures. In cultures like that of Japan, the

efforts and contributions of the group are valued much more

highly than those of individuals. Groups in these societies

literally sink or swim together. Thus, to single out a partic-

ular individual for recognition would not be appropriate. In

fact, it would be embarrassing to that individual and frowned

upon by the group. Without an understanding of the culture,

a well-intended manager from a different culture may cre-

ate a problem by simply trying to support and recognize the

accomplishments of those who work for him or her.

Cultural norms also have a significant impact on commu-

nication. The culture of the United States favors direct, even

blunt, communication. In contrast, Asian cultures communi-

cate in a much more subtle way, especially when offering a

negative response. The combination of these two very differ-

ent culture-based approaches in a team or a negotiation can

be quite problematic. For example, it is not difficult to imag-

ine a situation where individuals from the United States are

frustrated because they can’t seem to get a straight answer,

while those from an Asian culture are frustrated with their

U.S. counterparts who can’t seem to take a hint and under-

stand what is clearly laid out in front of them.

Unfortunately, because our culture is so much a part of

who we are, there is a tendency to be ethnocentric,3 or to

feel that everyone should approach things the way that we

do. Sensitivity to cultural differences and an appreciation for

other cultures is essential for success in the global arena.
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READING QUESTIONS

1. Of the seven steps suggested in this chapter for solving en-

gineering problems,

a. which steps involve thinking of new plans or ideas?

b. which steps involve evaluating the plans or ideas?

2. In eliminating the possibility of contracting with an inde-

pendent company to take the acid away, what assumptions were

made?

3. In evaluating the possibility of an evaporation pond to take

care of the acid, several technical variables were mentioned that

would affect the feasibility of such a pond. Based on those vari-

ables and any others you think are important, how feasible would

an evaporation pond be if the facility were located in your home-

town? Explain your answer.

4. What two properties of the waste stream would need to be

altered before the stream could be discharged to the lake?

5. Why was it necessary to check the state limit on dissolved

solids in waste streams in order to determine if the plan to neu-

tralize the acid was a feasible one?

6. What assumption provides the key motivation for using

teams? Under what conditions do you think this assumption

would prove to not be true?

7. Which role in Table 3.3 do you think that you would best

play in a team?

8. What benefit(s) can come from knowing the stages of team

development (Table 3.1)?
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HOMEWORK PROBLEMS

1. Suggest another possible solution to the problem of dealing

with the waste acid and discuss some possible advantages and

disadvantages of your proposed solution.

2. Using a computer word processor of your choice, write a

memo to your boss in which you communicate

• that you received her memo assigning the problem to

you

• that you have met with your team to review possible

ideas

• some of the ideas that had the most merit, and their ap-

parent merits and shortcomings (briefly summarize the

issues discussed in the book)

• your preliminary conclusion about the strategy to pursue

• that you will proceed to formulate a preliminary design

• that you will advise her of progress on the project and,

at the appropriate time, will bring the design to her for

input from her and from other important teams in the

division

3. As an engineer working for a company that produces food

products, you discover a byproduct from one of the company

processes. The byproduct is mostly protein (it could be edible)

and has the unusual ability to absorb large amounts of water

so that it can swell up to 20 times its original volume. As a

brainstorming exercise, list 10 possible uses for this product that

might become a basis for producing and marketing it.

4. On Dec. 2, 1984, in a Union Carbide chemical plant in

Bhopal, India, 250 gallons of water were accidentally added to

a tank containing 10,000 gallons of methyl isocyanate (MIC, a

highly toxic chemical used in the manufacture of pesticides).

The resulting exothermic reaction caused some of the MIC to

vaporize, leak out of the tank, and form a toxic cloud of gas

over the surrounding slums. As a result, approximately 20,000

people died (estimates vary) and 200,000 were injured, many of

them permanently. Investigation revealed that the company had

failed to meet its responsibilities in the following ways:

• To cut costs, the company had curtailed repairs on sev-

eral safety systems, any one of which might have pre-

vented or reduced the disaster, but which were all non-

functional at the time of the accident. Their decision was

made in spite of previous similar runaway reactions in

one of their other plants.

• The company had failed to provide adequate training to

employees in maintenance and safety procedures.

• The company had failed to create a plan to notify and/or

evacuate the community in the event of an accident.

How many specific violations of the AIChE Code of Ethics can

you identify in this story?

5. As teams (organized in class or outside of class, depending

on your instructor’s preference), discuss each of the following

(each student should turn in a separate set of answers): Consid-

ering each personality type described in Table 3.2,

a. which role(s) described in Table 3.3 would each person-

ality type tend to play?

b. how would each personality type tend to contribute to

the problem-solving steps outlined at the beginning of

this chapter?

6. Do the following problem as teams (organized in class or

outside of class, depending on your instructor’s preference):

Suppose that you work for a large power company. One

of your company’s holdings is a small coal-fired power plant

near an old coal mine that provided fuel for the plant. The plant

is not currently in operation due to a long history of fires and

cave-ins that have caused a number of deaths and led to closure

of the mine. However, a modern (and safe) coal mine is in op-

eration approximately 100 miles away. Existing railroad tracks

cover only 30 miles of the distance between the plant and the

operational mine.

a. Based on the above information, propose at least three

possible problem definitions. Which do you feel is most

appropriate?

b. Propose four possible strategies to put the power plant

in operation.

c. For each strategy, list 3–5 items of information that would

be needed in order to evaluate the merits of that strategy.

d. Suppose that you are a manager employed by the power

company, and that you have been given responsibility

for the problem described above. Organize a hypothet-

ical group of five people to address this problem and

propose a plan for its solution. Specify the roles that

these individuals might fulfill as part of the group. What

types of individuals (see Table 3.2) would be best suited

to these roles?

7. After the team activity of Problem 6, answer the following

individually:

a. Describe the team interactions you observed as your

team worked on Problem 6. Include an explanation of

whether you identified elements of team development

as outlined in Table 3.1.

b. From the descriptions in Table 3.2 and from lifelong ex-

perience with yourself, identify which type of responder

you tend to be. Did you function that way during your

brief team effort with Problem 6?

c. What type of responder (from Table 3.2) did each of

your team members appear to be?
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Chapter 4

Describing Physical Quantities

As we begin to design the acid-neutralization process (or any other process, for that

matter), it will be important to describe the various process variables. This will require

an understanding of how to express the values of physical quantities. In order to describe

some of these quantities, we will rely on a few principles and concepts from chemistry,

including molecular weight, moles, and concentration. You are encouraged to refer to a

high-school or college chemistry text for review or for additional background if needed.

4.1 UNITS

All physical quantities have a numerical value (e.g., 6.51) and a unit (indicating what

there are 6.51 of, such as feet, grams, seconds, etc.). For example, in our problem, we will

want to assess how well we have neutralized the acid; thus, we will need to talk about

the acid “concentration.” To do that, we will need to know how concentration is defined,

and we will need to recognize the various ways that concentration can be expressed. A

description of other process variables will also be needed. This chapter will review some

of the more important variables and units.

Two systems of units in use in most of the industrialized world are the metric system

and the American engineering system. In the metric system, smaller divisions of a base unit

measurement and larger combinations of that base unit are related to that original base unit

by powers of ten. For example, the measure of length can be a meter, a decimeter (0.1 me-

ters), a centimeter (0.01 meters), a millimeter (0.001 meters), a kilometer (1000 meters),

and so on. On the other hand, the American engineering system is based on cultural def-

initions of various measurements from British history (e.g., a yard being the length from

the king’s nose to the tip of his middle finger on his fully-extended right arm), and rela-

tionships between smaller and larger units of the same measure vary widely. For example,

there are 12 inches per foot, 3 feet per yard, and 5,280 feet per mile.

Multiple measurement systems have created problems as many products are traded

internationally, and parts for many products are manufactured in more than one country

or region of the world. In 1960, an international forum of technical experts representing

the industrialized world met to deal with this problem and recommended the adoption of

a standardized set of units within the metric system. This set, called the Systeme Interna-

tionale d’Unites, or SI system, has been the standard measurement system toward which

many of the industrialized countries, including the United States, have slowly moved for

eventual adoption.

In our physical world, we measure and talk about a number of physical parameters, but

a small number of these parameters are the building blocks for all others. For example, the

most basic of those parameters or building blocks are length, mass, time, and temperature.

We sometimes refer to these as the basic dimensions of our world. Other parameters that

we use are combinations of these dimensions, as will be discussed later in this section.

Each of the basic dimensions can be expressed in a variety of units (e.g., time can

43
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be represented in seconds, minutes, hours, days, and so forth). However, one can define

subsystems wherein one unit of measurement is defined as the “base” unit of measurement

with other units as multiples of that base unit. For example, the SI system mentioned pre-

viously is a subsystem of the metric system and was defined with the base unit of length

being the meter (m), the base unit of mass being the kilogram (kg), and the base unit of time

being the second (s). This is in contrast with another subset of the metric system, the cgs

system, that uses the centimeter (cm), gram (g), and second (s) as the base units for length,

mass, and time, respectively. Table 4.1 summarizes the base units of mass, length, time,

and temperature for the cgs and SI subsystems. While the American engineering system

is a general system of units (like the metric system) and no base units are strictly defined,

sample units for each category have been included in Table 4.1 for comparison.

Table 4.1 Base or Sample Units for Three Measurement Systems

System Mass Length Time Temperature

cgs g cm s Celsius

SI kg m s Kelvin

American lbm ft s Fahrenheit

4.1.1 Conversion Factors

It is frequently necessary to convert from one type of unit to another – for example,

from inches to feet, from grams to pounds-mass (lbm), or from seconds to hours. The key

to such conversions is the use of conversion factors:

Definition of a

Conversion Factor A conversion factor is a relationship expressed by an equation where the entries on

both sides of the equation are the same quantity but expressed in different units.

The following are a few common conversion factors:

12 in = 1 f t 1000 g = 1 kg 60 s = 1 min

A more complete list of conversion factors is found in the beginning of this book. Each

such relationship can also be rearranged into the form of a ratio:

1 =
12 in

1 f t
1 =

1000g

1kg
1 =

60s

1min

The ratios on the right side of each equation are useful tools for converting from one

unit or set of units to another. Such a conversion is accomplished by multiplying the origi-

nal number (with its units) by the appropriate conversion ratio with the ratio written so as

to cancel out the original units. Such multiplication is legitimate because the actual value

of each such ratio equals 1.0, as indicated above. To illustrate, a conversion from 28 inches

to its equivalent number of feet would be accomplished as follows:

(28 in)

(

1 f t

12 in

)

= 2.333 f t
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Note that the “old” (original) units are canceled out by corresponding units in the conver-

sion factor, leaving only the new units. That’s how you know that you have formulated the

conversion factor correctly for this conversion. If the conversion factor had been inverted,

for example, the units would have not canceled out properly, giving

(28 in)

(

12 in

1 f t

)

= 336 in2 / f t

which is obviously not in the desired units. Another way to write the conversion equation

is to use vertical and horizontal lines instead of parentheses.

28 in 1 ft
12 in

= 2.333 ft

Finally, many conversions will require the use of more than one conversion factor,

such as the following conversion of 37,759 inches to its equivalent in kilometers (km):

(37,759 in)

(

2.54cm

1 in

)(

1m

100cm

)(

1km

1000m

)

= 0.959km

An Important Note About Conversion Factors

NOTICE

IMPORTANT 
MESSAGE

It’s not necessary to memorize a large number of conversion factors (although you will

come to know several that you use often), but you will want to have access to many. As

mentioned previously, a list of some common conversion factors (as well as some common

defined units and prefixes) are provided at the beginning of this textbook. You may want to

place a tab on that page for easy reference.

4.1.2 Moles

In your chemistry classes, you learned about a gram-mole of a substance, often just

called a mole. A gram-mole of a chemical compound is defined as the amount (number of

molecules) of that compound whose mass in grams is numerically equal to its molecular

weight (molecular weight is discussed in greater detail in the next section). A gram-mole

is a convenient quantity to use when working in the cgs system. There are two other types

of moles as well – the kilogram-mole (abbreviated kgmol) and pound-mole (abbreviated

lbmol) – that are convenient when working in the SI and American systems, respectively.

Like the gram-mole, the kilogram-mole and pound-mole are defined in terms of the molec-

ular weight of the substance and represent a certain number of molecules:

Types of Moles

gram-mole (gmol): the amount of a species such that its mass in grams numeri-

cally equals its molecular weight (this amount is associated

with Avogadro’s number of molecules)

kilogram-mole (kgmol): the amount of a species such that its mass in kilograms

numerically equals its molecular weight

pound-mole (lbmol): the amount of a species such that its mass in pounds-mass

numerically equals its molecular weight
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4.1.3 Molecular Weight

The molecular weight of a molecule is the sum of the masses of all the atoms that

make up that molecule. Therefore, molecules that consist of heavy atoms or large numbers

of atoms will have a higher molecular weight than molecules made up of a few light atoms.

In practice, it is inconvenient to measure and use the absolute mass of single molecules

expressed in atomic mass units. Instead, we use the mass (e.g., in g, kg, or lbm) of a large

number of molecules (gmol, kgmol, or lbmol). As you learned in your chemistry courses,

the number of molecules in a gram-mole is Avogadro’s number. The number of molecules

in a kg-mole is 1,000 times Avogadro’s number, and the number of molecules in a pound-

mole is 453.6 times Avogadro’s number. From the above definitions, the molecular weight

of a substance is (1) the mass in grams of one gram-mole of that substance, (2) the mass

in kilograms of one kg-mole of that substance, and (3) the mass in pounds-mass of one

pound-mole of that substance. For example, for oxygen, the molecular weight is 32 atomic

mass units, so 1 gmol of oxygen has a mass of 32 g, 1 kgmol has a mass of 32 kg, and 1

lbmol has a mass of 32 lbm. Thus, the molecular weight of oxygen is a type of conversion

factor and can be written as

MWO2
=

32gO2

1gmol
=

32kgO2

1kgmol
=

32 lbm O2

1 lbmol

Additionally, from the above equation, it is evident that the relationships between the dif-

ferent kinds of moles are similar to the relationships between the corresponding mass units.

For example, 1 kgmol = 1000 gmol, and 1 lbmol = 454 gmol.

A Note about Atomic Weights

NOTICE

IMPORTANT 
MESSAGE

The calculation of molecular weights requires the use of the atomic weights of elements

making up the molecule. It’s not necessary to memorize a large number of atomic weights,

but you will want to have access to them (e.g., in a Periodic Table or alphabetic table of

elements). Such a list is provided at the beginning of this textbook.

4.1.4 Symbols

In the quantitative descriptions and calculations used in chemical engineering, it is

frequently necessary to represent physical quantities using symbols. We will assign sym-

bols to physical parameters throughout this book. To help you remember them, a table of

symbols is presented at the front of this textbook. We now introduce the following symbols

to represent some of the quantities we have discussed thus far:

m = the mass of a quantity of material

mA = the mass of a particular chemical species (in this case, species A), either as a

pure material or within a mixture

n = the number of moles of a material

nA = the number of moles of a particular chemical species (in this case, species A)

either as a pure material or within a mixture

MWA = the molecular weight of a particular chemical species (in this case, species

A)

In the above symbols that refer to a particular chemical species (mA, nA, and MWA),

the identity of that species is indicated in the subscript. For any particular compound –

say, hydrochloric acid – the subscript A would be changed to indicate that compound (e.g.,

mHCl).
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In terms of the symbols just introduced, the molecular weight of a chemical compound

(e.g., species A) can be used to find the mass of a known number of moles of species A

mA = MWA nA (4.1)

The conversion between mole and mass units is illustrated in Example 4.1.

EXAMPLE 4.1 Common table sugar is sucrose, C12H24O12. How many lbmol of sucrose are in a bag that has a mass

of 100 lbm? How many kgmol?

SOLUTION Using atomic weights from the list in the front of the book, the molecular weight of sucrose (MWsucrose)

is 12(12)+24(1)+12(16)=360. The mass of 100 lbm can also be expressed in kilograms using the fol-

lowing conversion:

Mass in kg:

msucrose = (100 lbm)

(

0.45359kg

1 lbm

)

= 45.4kg

Rearranging Equation 4.1:

Determine lbmol:

nsucrose =
msucrose

MWsucrose
=

100 lbm

360 lbm /lbmol
= 0.278 lbmol

Determine kgmol:

nsucrose =
msucrose

MWsucrose
=

45.4kg

360kg /kgmol
= 0.126kgmol

4.1.5 Combined and Defined Units

Many units are combined units (i.e., are derived as combinations of the base units).

For example, units of velocity are derived from length and time, hence mi/hr. Examples

of a number of combined units are listed in Table 4.2 for the three measurement systems

discussed above. A number of these combined units will be discussed later in this chapter.

In addition, some units are defined in terms of combinations of other units (e.g., Pa and

lb f ). Some common defined units are summarized at the beginning of this textbook.

Table 4.2 Examples of Combined Units for Three Measurement Systems

System cgs System SI Systems American System

density g/cm3 kg/m3 lbm/ f t3

velocity cm/s m/s f t/s

acceleration cm/s2 m/s2 f t/s2

volumetric flow rate cm3/s m3/s f t3/s

mass flow rate g/s kg/s lbm/s

concentration gmol/L ∗ kgmol/m3 lbmol/ f t3

*often abbreviated M (i.e., molarity)
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To produce conversion factors for combined units, conversion factors of base units can

be raised to any power. The following are a few examples:

area:
(

100cm

1m

)2

=
104 cm2

1m2

volume:
(

12 in

1 f t

)3

=
1728 in3

1 f t3

Notice that raising a conversion factor to a certain power raises its units to that same power.

4.1.6 Force

An important parameter that has combined units is force, and one kind of force is

weight. The force F to accelerate a mass m at an acceleration rate a is defined by Newton’s

second law as

F = ma (4.2)

One form of acceleration is that associated with Earth’s gravity. (This is an acceleration

because holding all matter on the earth’s surface requires constantly changing the direction

of travel to produce a circular arc.) In this case, the rate of acceleration is described by the

gravitational acceleration, g, and the force that an object exerts on the earth’s surface (its

“weight”), is

Fweight = mg (4.3)

In the American engineering system, g is expressed in ft/s2, so the weight of a person

whose mass was measured in lbm would be in units of lbm ft/s2. These units are not very

convenient, so an equivalent unit of pound-force (lb f ) has been defined as 1 lb f ≡ 32.174

lbm ft/s2 (the triple equals sign, ≡, denotes a definition). In this way, weight can be cal-

culated and expressed in the convenient unit of lb f (often simply called “pounds”). Table

4.3 summarizes the values of g (at sea level) and the equivalent units of force for the three

units systems discussed previously.

Table 4.3 Gravitational Acceleration (at Sea Level) and Defined Units of Force

System g Defined Unit of Force

cgs 980.66 cm/s2 1 dyne ≡ 1 g cm/s2

SI 9.8066 m/s2 1 Newton (N) ≡ 1 kg m/s2

American 32.174 ft/s2 1 pound-force (lb f ) ≡ 32.174 lbm ft/s2

Each of the definitions of force units in Table 4.3 (dyne, Newton, and pound-force)

can also be rearranged into the ratio form of a conversion factor as follows:

IMPORTANT! 1 =
1gcm

s2 dyne
=

1kgm

s2 N
=

32.174 lbm f t

s2 lb f

This conversion factor is used so frequently that it is sometimes referred to with the symbol

gc. Like all conversion factors, the inverse of each expression is also a conversion factor:
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1 =
1s2 dyne

g cm
=

1s2 N

kg m
=

1s2 lb f

32.174 lbm f t

The use of such conversion factors is illustrated in Examples 4.2 and 4.3.

EXAMPLE 4.2 An object has a mass equal to 1 lbm. What is its weight in pounds-force (lb f )?

SOLUTION From Table 4.3, we note that g = 32.174 ft/s2. From Equation 4.3,

Fweight = mg = (1 lbm)

(

32.174 f t

s2

)

(

1 lb f s2

32.174 lbm f t

)

= 1 lb f

IMPORTANT!

This result explains why a pound-force was defined as it was - so that one pound-mass

would weigh one pound-force (on Earth). However, you should understand that it is never

correct to simply write that one pound-force equals one pound-mass!

EXAMPLE 4.3 An object has a mass equal to 8.41 kg. What is its weight (a) in Newtons (N) and (b) in pounds-force

(lb f )?

SOLUTION a. From Table 4.3, we note that g = 9.8066 m/s2. Thus, from Equation 4.3,

Fweight = mg = (8.41kg)

(

9.8066m

s2

)(

1s2 N

kg m

)

= 82.5N

b. From the answer to (a) and a conversion factor from the front of the book,

Fweight = (82.5N)

(

0.22481 lb f

1N

)

= 18.5 lb f

4.1.7 Pressure

Another important parameter that has combined units is pressure, which is force ex-

erted per area. As with force, certain units of pressure are commonly used in each of the

different units systems (i.e., cgs, SI, and American). Converting between these units re-

quires using the conversion factors presented in the discussion of force. The units of pres-

sure most commonly used are presented in Table 4.4.

Table 4.4 Commonly Used Units of Pressure

System Units of Pressure Abbreviation Defined and Equivalent Units

cgs Pascals Pa 1Pa ≡ 1N/m2 = 1gcm/s2

SI kiloPascals kPa 1kPa ≡ 1000N/m2 = 1000kgm/s2

American lb f /in2 psi 1 lb f /in2 = 4633 lbm/ f t s2
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A more extensive discussion of pressure with example problems is presented in Chapter 7.

Now we are ready to discuss some of the variables that will be important to the prob-

lem we are trying to solve.

4.2 SOME IMPORTANT PROCESS VARIABLES

As we design the process for neutralizing the HCl, we will need to describe the flow

rate of material into and out of that process. For that description, we need to understand

how to express fluid density, flow rate, and chemical composition.

4.2.1 Density

The density of a material is the mass of a unit volume of that material. A common sym-

bol to represent density is the Greek letter ρ (pronounced “rho”). Expressing the definition

of density in equation form,

ρ =
m

V
(4.4a)

or, rearranging,

m = ρV (4.4b)

For most liquids and solids, the densities are listed in standard reference books, such as the

CRC Handbook of Chemistry and Physics1 or Perry’s Chemical Engineering Handbook.2

For liquids, the density is relatively independent of such variables as pressure and temper-

ature. A handy density to remember is the approximate density of water at room tempera-

ture, which is

ρwater,25◦C ≈ 1.0g /cm3 = 1000kg /m3

As we would expect, the densities of gases are much less than those of liquids. For com-

parison, the density of air at room temperature is

ρair,25◦C ≈ 0.0012g /cm3 = 1.2kg /m3

For gases, the density varies significantly with the temperature and pressure of the gas,

as you may have learned in your chemistry classes. Typical units for density are listed in

Table 4.2.

The density of a material can be used to relate the volume (V) of a material to its mass.

For example, the density of liquid propane is 36.53 lbm/ft3. Therefore, from Equation 4.4b,

the mass of 500 gal would be

m = ρV =

(

36.53 lbm

f t3

)

(500gal)

(

1 f t3

7.4805gal

)

= 2442 lbm

4.2.2 Flow Rate

We often describe the rate at which the stream flows using the flow rate (the amount

of material that passes a reference point within a unit time). Three common types of flow
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rates used are

mass flow rate (symbol ṁ): the mass of a material that passes a reference plane within

a unit time interval

molar flow rate (symbol ṅ): the number of moles of a material that passes a reference

plane within a unit time interval

volumetric flow rate (symbol V̇ ): the volume of a material that passes a reference

plane within a unit time interval

With the symbols assigned, the “dot” over the letter indicates that the variable is a “rate”

(i.e., a measure of amount per time). Typical units for volumetric and mass flow rate are

listed in Table 4.2. To better understand these flow rates, it might be helpful to visualize

water coming out of a kitchen faucet, where the mouth of the faucet could represent the

reference plane in the above definitions. For example, if the volumetric flow rate of water

from the faucet is 2.5 gal/min, we could collect the water coming from the faucet for

one minute, and we would find that we had collected 2.5 gallons. If we collected for two

minutes, we would find that we had collected 5 gallons, and so forth.

Conversion between mass flow rate (mass/time), volumetric flow rate (volume/time),

and density (mass/volume) is

NOTICE

IMPORTANT 
EQUATION

ṁ = ρV̇ (4.5)

You should understand the concepts and units in this equation and be able to reproduce

this equation without looking at the book. Now let’s apply these variables to the acid-

neutralization problem.

EXAMPLE 4.4 The average flow rate of HCl produced by our company is 11,600 L/hr (see Chapter 3). Its density is

approximately the same as that of water: 1000 kg/m3, or 1 kg/L.

a. What is the equivalent of this flow rate in units of cm3/s?

b. What is the mass flow rate for this stream in kg/hr?

SOLUTION a. From the units of the given flow rate (L/hr), we recognize that we have been given a volumetric

flow rate (V̇ ). Applying the appropriate conversion factors,

V̇ =

(

11,600
L

hr

)(

1000cm3

1L

)(

1hr

60min

)(

1min

60s

)

= 3,222
cm3

s

Again, notice that the units canceled out to leave the units we were seeking, indicating that we used

the conversion factors correctly.

b. From Equation 4.5,

ṁ = ρV̇ =

(

1000kg

1m3

)(

11,600L

hr

)(

1m3

1000L

)

= 11,600
kg

hr



52 Chapter 4 Describing Physical Quantities

4.2.3 Mixture Composition

In dealing with mixtures – substances that contain more than one chemical compound

or species – it is often important to describe the composition of the mixture. In other words,

we often wish to know how much of each individual compound there is within the mixture.

The most common expression of composition is concentration (cA), which is the num-

ber of moles of a species per volume of mixture. One unit of concentration is molarity

(abbreviated with the letter M), which is defined as the number of gmol per liter of mixture

or solution. Other units of concentration can be used as well. Several additional methods

are also used to characterize the composition of species A in a mixture of substances:

Expressions of

Composition of
Species A

in a Mixture

Concentration of A:

cA =
moles of A

volume of mixture
=

nA

V
=

molar flow rate of A

volumetric flow rate of mixture
=

ṅA

V̇

Mass Fraction of A:

xA =
mass of A

mass of mixture
=

mA

m
=

mass flow rate of A

mass flow rate of mixture
=

ṁA

ṁ

Mole Fraction of A:

yA =
moles of A

moles of mixture
=

nA

n
=

molar flow rate of A

molar flow rate of mixture
=

ṅA

ṅ

Mass Percent of A = 100 xA commonly expressed as weight percent (wt%)

Mole Percent of A = 100 yA (abbreviated mole%)

In the calculation of the mass fraction and mole fraction, the same units for mass and

moles must be used in the numerator as in the denominator so that the calculated fraction

is without units.

Often, information about flow rates is not available quite in the form that we ultimately

need (e.g., we may know the volumetric flow rate but need the mass flow rate), and it’s nec-

essary to express the desired flow rate in terms of what we know. To do that, we can use

the following relationships between the variables discussed above:

NOTICE

IMPORTANT 
MESSAGE

LEARN THESE

RELATION-

SHIPS!

Practice them until

you can use them

without looking at

the book

ṁA = xAṁ = MWAṅA = MWAyAṅ = MWAcAV̇ (4.6a)

where Equation 4.6a presents various ways to express the mass flow rate of species A.

Simple algebraic rearrangement of Equation 4.6a produces expressions for the molar flow

rate of species A:

ṅA =
ṁA

MWA

=
xAṁ

MWA

= yAṅ = cAV̇ (4.6b)
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As with Equation 4.5, it is important that you fully understand and can reconstruct

these relationships. For example, suppose that you know the value of the mass flow rate

of a chemical compound (with known molecular weight) within a mixture, and that you

also know the volumetric flow rate of that mixture. You should be sufficiently familiar

with the relations in Equation 4.6 (both 4.6a and 4.6b) to be able quickly to compute the

composition (in any of its various forms) of the compound in the mixture. Furthermore,

you should also be very familiar with the relations and terms in Equation 4.5 so that you

can use Equations 4.5 and 4.6 together. Make sure you understand the concepts and units

of all variables in both equations and practice writing them until you can reproduce these

equations without looking at the book.

EXAMPLE 4.5 For the acid-neutralization problem, the volumetric flow rate of the HCl solution coming from our

manufacturing process is 11,600 L/hr, and the average concentration of HCl in that stream is 0.014

M, or 0.014 gmol/L. Based on this information and the answers in Example 4.4,

a. How many gmol of HCl are in 88 m3 of the solution?

b. How many gmol of HCl are flowing from the process per minute (i.e., what is the molar flow rate)

when the volumetric flow rate of the solution is 11,600 L/hr?

c. What is the mass fraction of HCl in the solution?

SOLUTION a. Manipulating the definition of concentration,

nHCl = cHClV =

(

0.014gmol

L

)

(

88m3
)

(

1000L

m3

)

= 1,232gmol HCl

b. From Equation 4.6b,

ṅHCl = cHClV̇ =

(

0.014gmol

L

)(

11,600L

hr

)(

1hr

60min

)

= 2.71gmol HCl /min

c. From the definition of mass fraction,

xHCl =
ṁHCl

ṁ
=

MWHCl ṅHCl

ṁ

Atomic weights are listed in the front of the book, giving MWHCl = 1.0 + 35.5 = 36.5 g HCl/gmol,

and ṁ is available from Example 4.4, so

xHCl =

(

(36.5gHCl /gmol) (2.71gmol HCl /min)

11,600kg /hr

)(

1kg

1000g

)(

60min

1hr

)

= 0.00051

4.2.4 Conversion between Mole Fraction and Mass Fraction

It is common for a chemical engineer to know mass fractions (or mass percentages)

of components in a mixture but to need the mole fractions – or to know the mole fractions

but to need the mass fractions. In such cases, it is necessary to convert between the various

types of fractions or percentages. When performing such conversions, the first step is to as-
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sume an amount of material for the calculation (called the basis of calculation). The steps

outlined in Figures 4.1 and 4.2 are suggested. You will note that when the given composi-

tions are expressed as fractions or percentages, the most convenient basis of calculation is

100 units of mass or moles (e.g., 100 g, 100 kgmol) so that the amount of each component

is easily calculated. Example 4.6 illustrates the application of the procedure outlined in

Figure 4.1.

Assume a basis 
of 100 moles

From the known 
mole fractions, 
calculate the  

number of moles 
of each species

Using the molecular 
weights, convert the 

moles into mass 
for each species

Compute the desired 
mass fractions 
or percentages

Figure 4.1. Strategy for Converting Mole Fractions (or Percentages) to Mass Fractions (or

Percentages)

Assume a basis 
of 100 mass units

From the known 
mass fractions, 
calculate the  
mass of each 

species

Using the molecular 
weights, convert the 

mass into moles 
for each species

Compute the desired 
mole fractions 
or percentages

Figure 4.2. Strategy for Converting Mass Fractions (or Percentages) to Mole Fractions (or

Percentages)

EXAMPLE 4.6 One analysis of air produced the following approximate mole percentages:

N2: 78.03 mole%

O2: 20.99 mole%

Ar: 0.94 mole%

What are the mass percentages of these components?

SOLUTION As outlined in Figure 4.1, we’ll select a basis of 100 gmol of air. As explained in the text, we select

that number because it is convenient, and because it makes it easy to calculate how many gmol of

each substance are present in those 100 gmol.

N2:

nN2
= yN2

n =

(

78.03gmol N2

100gmol total

)

(100gmol total) = 78.03gmol N2

O2:

nO2
= yO2

n =

(

20.99gmol O2

100gmol total

)

(100gmol total) = 20.99gmol O2

Ar:

nAr = yArn =

(

0.94gmol Ar

100gmol total

)

(100gmol total) = 0.94gmol Ar

(continued on the next page)
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EXAMPLE 4.6

(continued)

Continuing to follow the strategy in Figure 4.1, we’ll now calculate the number of grams of each

substance:

N2: mN2
= MWN2

nN2
= (28gN2/gmol) (78.03gmol N2) = 2185g

O2: mO2
= MWO2

nO2
= (32gO2/gmol) (20.99gmol O2) = 672g

Ar: mAr = MWArnAr = (39.95gAr/gmol) (0.94gmol Ar) = 38g

Finally, the total mass of the mixture is the sum of the masses of the components, i.e., 2185 + 672 +

38 = 2895 g, so

xN2
=

mN2

m
=

2185gN2

2895g
= 0.755

xO2
=

mO2

m
=

672gO2

2895g
= 0.232

xAr =
mAr

m
=

38gAr

2895g
= 0.013

By the way, one should always check the calculation to see if the mass fractions add up to 1.000.

Check: 0.755 + 0.232 + 0.013 = 1.000!

4.2.5 Dimensional Consistency

Equations that correctly describe physical phenomena must obey the rules of dimen-

sional consistency:

1. Terms that are added together (or subtracted) must have the same units. For ex-

ample, in the equation Q = ab+c2, the units of ab must be the same as those of c2.

2. Exponents must be unitless. Thus, if an exponent consists of several terms, the

units of all those terms must cancel. For example, in the equation y = xab/c, the

units in the term ab/c must all cancel out to leave no units.

CONCLUDING COMMENTS

Keeping track of the units in a calculation provides a number of benefits. One that

has already been mentioned is that it provides a way of safeguarding against the incorrect

application of conversion factors. It also provides a check on the equation being used for the

calculation, because an error in that equation might produce erroneous units for the answer

(e.g., kg m/s2 for a velocity). An error in the equation might also produce a violation of

the rules of dimensional consistency, which would be discovered as units are carefully

monitored. For these reasons, the habit of giving careful attention to units is vital to good

engineering practice, and the reader should work hard to establish that habit in all technical

calculations.
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♦ The History of Our System of Units and Its Application

Based on your experience with the material in this chap-

ter and elsewhere, it is evident that the SI system of units is

clearly superior to units commonly used in the United States.

In addition, there are trade barriers to the use of products

from the United States because of the measurement system

associated with those products. Given these facts, why does

the United States continue to use an inferior system?

The history of the United States with measurement sys-

tems may surprise you. Did you know that Thomas Jeffer-

son proposed a decimal-based measurement system for the

United States in 1790? The United States was the first coun-

try to produce a decimal currency (1 dollar = 100 cents). Yet

in 1795, when France first officially adopted the metric sys-

tem, the United States made no commitment to conversion.

In1866 it became unlawful in the United States to refuse

to trade or deal in metric quantities. Since 1893, the yard,

pound, and so forth, have actually been defined officially in

terms of the metric system3. The Metric Conversion Act was

passed by Congress in 1975; this Act established the U.S.

Metric Board to coordinate and plan the increasing use and

voluntary conversion to the metric system. However, no tar-

get dates were set. The Omnibus Trade and Competitiveness

Act of 1988 strengthened the Metric Conversion Act, des-

ignated the metric system as the preferred system of mea-

surement, and required all federal agencies to be metric by

the end of fiscal year 1992. In 1991, President George H.W.

Bush issued Executive Order 12770, requiring all federal

government programs to use the metric system. While num-

bers are converted to metric units to satisfy legal require-

ments, it is unclear that day-to-day operations have been im-

pacted in any significant way. Now suspended, September

30, 2000 was the deadline set for conversion of all feder-

ally funded highway construction to the metric system. In

spite of the fact that the United States has been talking about

a metric system for over 200 years, and in spite of all the

efforts of legislative bodies and boards, conversion to the

metric system is not likely to occur in the near future in spite

of current efforts in this direction.

If the metric system really is superior, then why hasn’t

the United States converted completely to it? Part of the rea-

son is cultural inertia. The current U.S. system of measures

is ingrained into the daily lives of its citizens, and the effort

required for change is substantial. After all, we in the United

States talk about “going the second mile” to help someone,

not the “second kilometer.” Intuitively, we have a feel for

what it means to travel at 60 mph or about how difficult it

would be to lift a 50-lb bag of salt. That intuition does not

extend to kg/hr and kg. A notable exception to the lack of in-

tuition concerning metric measures is the present familiarity

with the 2-liter bottle of soda, which was introduced with the

associated metric unit, and has become an integrated part of

our culture. With that exception, the American engineering

system is such a natural part of our lives, it is not some-

thing that we are looking to change. Consequently, we as

consumers are not demanding metric-based products. Why

would we want to go through a difficult change when things

are working just fine as they are now?

A second major disincentive for the United States to

switch completely to the metric system is the high cost as-

sociated with such a change. The investment of U.S. compa-

nies and governmental agencies in the American Engineer-

ing System in terms of tools, plans, and specifications is vast.

The financial burden associated with replacing that invest-

ment is difficult to justify as an alternative to just translating

between the American and metric systems, even though such

translation can be a nuisance.

Finally, as far as cultural forces go, the forces at play in

the metric conversion issue are relatively weak, as they are

not connected to either the basic values or beliefs of individ-

uals in United States society. Cultural forces have enormous

impact, and it is imperative that we understand cultural is-

sues when attempting to effect change across the globe.
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READING QUESTIONS

1. “Pressure” was defined as force per area. In a particular

situation, the pressure exerted on a certain surface is found to

be 94,000 N/m2 = 94,000 kg/m s2. Identify the following parts

of this expression of pressure:

the numerical value

all basic dimensions represented

all base units involved

any defined unit(s)

2. In this chapter, we mention that problems arise from hav-

ing at least two systems of units in the industrialized world (i.e.,

the metric system and the American engineering system). In

more specific terms, describe at least two such problems that

you think would arise.

3. The length of a specimen is determined and, in the cgs sys-

tem, is represented as 3.2 cm. How would this same length be

represented in the SI system?

4. Using the material in the beginning of the textbook (after

the table of contents and before Chapter 1), find and report the

following:

a. The meaning and dimensions of the symbol w f as used

in this textbook

b. The equivalent of 1 Btu (a unit of energy) when ex-

pressed in Joules (J)

c. The definition of 1 lb f in terms of lbm, ft, and s

d. The atomic weight and symbol for the element tungsten

5. The weight of an astronaut is measured on a distant planet

and found to be one-fifth of his weight on Earth’s surface. Is his

mass different on that distant planet than on Earth? What does

the weight difference imply about the acceleration of gravity on

the distant planet?

6. In an attempt to compute the number of seconds equivalent

to 36 minutes, your colleague obtains for an answer 0.6 min2/s.

What did your colleague do wrong?

7. Using water and air as examples, what is an approximate

ratio of the densities of liquids to gases?

8. Two compounds, one with a high molecular weight and one

with a low molecular weight, are flowing at the same mass flow

rate. Which has the greater molar flow rate?

9. Two compounds, one with a high density and one with a

low density, are flowing at the same mass flow rate. Which has

the greater volumetric flow rate?

10. Two compounds, one with a high molecular weight and

one with a low molecular weight, each comprise 50 mole% of

the same mixture. Which has the greater mass fraction in the

mixture?

11. Solution 1 has a greater density than does solution 2, and

solution 1 also has a greater concentration of species A than

does solution 2. For these solutions, answer each of the follow-

ing questions and support your answer:

a. Which will occupy greater volume: 1 kg of solution 1,

or 1 kg of solution 2?

b. Which will contain more molecules of species A: 1 gal-

lon of solution 1, or 1 gallon of solution 2?

c. If the two solutions flow with equal volumetric flow

rate, which stream will have

i. the greater mass flow rate for the entire stream?

ii. the greater molar flow rate of species A?

iii. the greater mass flow rate of species A?

12. A solution of salt dissolved in water is diluted with ad-

ditional water. With each of the following variables, indicate

whether the dilution process will cause the value of the variable

to increase, decrease, or stay the same. Support your answer.

a. xsalt c. csalt

b. V d. msalt

13. A solution of NaOH in water flows in a stream, and the

mass flow rate of the stream is suddenly increased. For each of

the following properties of the stream, indicate whether the in-

crease in flow rate will cause the property to increase, decrease,

or remain the same. In each case, explain your answer.

a. ρ e. ṅ

b. cNaOH f. V̇

c. ṁNaOH g. MWNaOH

d. yNaOH
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HOMEWORK PROBLEMS

1. Perform the following conversions by determining the equiv-

alent value of the given number in the new units indicated:

a. 3.9 cm/s to mi/hr

b. 177 lbm ft/min2 to kg cm/s2

c. 47 ft3 to gal

d. 2560 nm/s to µm/min

e. 820 mg to ounces

2. Water at 4◦C has a density of 1000 kg/m3. What is the

equivalent value in units of

a. g/cm3 ?

b. lbm/ft3 ?

c. gmol/L ? (as used in Example 4.5)

3. A gas mixture has the following percentages by mass:

N2: 70%

O2: 14%

CO: 4%

CO2: 12%

What are the mole percentages of the gases in the mixture?

4. A 6M sulfuric acid solution (H2SO4 in water) is flowing

into a tank at the rate of 100 liters/min (also can be written 100

L/min). The density of the solution is 1.34 g/cm3. Determine

the value of the items requested below (show your work). For

parts (b) - (d), first write out the equation using symbols for the

appropriate variables, then algebraically solve for the unknown

variables, and finally substitute in the numerical values and cal-

culate the values for the unknown variables.

a. The molecular weight of the sulfuric acid

b. The molar flow rate of H2SO4 into the tank

c. The mass flow rate of H2SO4 into the tank

d. The total mass flow rate into the tank

5. A stream consisting of two organic chemicals: (1) benzene

(C6H6) and (2) toluene (C7H8), enters a separation column. The

total mass flow rate of the stream is 10,000 lbm/hr. The mass

percent of benzene in the stream is 40%. Determine the follow-

ing for the stream:

a. The mass flow rate of benzene

b. The mass flow rate of toluene

c. The molar flow rate of toluene

d. The total molar flow rate of the stream

e. The mole fraction of benzene

6. The exhaust gas coming from a coal-burning furnace (flue

gas) usually contains sulfur in the form of SO2, and when the

gas is discharged into the atmosphere (which sometimes hap-

pens), the SO2 can eventually react with oxygen and water to

form sulfuric acid (H2SO4), hence, acid rain. The reaction is

SO2 + 1
2 O2 + H2O → H2SO4

The air around an old power plant has the following average

composition:

H2SO4: 0.1 mole%

O2: 20.2 mole%

N2: 77.9 mole%

H2O: 1.8 mole%

What is the number of grams of sulfuric acid per ton (2000 lbm)

of this air? (Note: the molecular weight of this humid and pol-

luted air cannot simply be assumed to be 29.)

7. The following variables are given in the following units:

x: g/s

y: cm

z: g/cm s

a: g/s

b: cm

In terms of these variables, which of the following obey the laws

of dimensional consistency? (Support your answers)

a. w = x
y +ab− z

b. J = J0 e
b
[

z
x-a + 1

y

]

where J0 has the same units as J

8. A piston is movable (up and down) inside a vertical cylin-

der as shown below. The pressure beneath the piston is greater

than the pressure on top of the piston, and this difference in pres-

sure can support the mass (and weight) of the piston according

to the equation

(Pressureunder−Pressureover)Areapiston cross sect. = (masspiston) g

where g is the acceleration of gravity and the other pertinent val-

ues are shown in the drawing. (Note: Pressure is force per area,

and the abbreviation psi on the values of the pressure represents

lb f /in2.) For these values, how much mass (lbm) can the piston

have and be supported by these pressures?

Cylinder Pressure=14.7 psi

Pressure=58.6 psi

Area=.074 ft2

Piston
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9. When a fluid flows from one location (“start”) to another

location (“end”) under certain circumstances, the changes in

fluid properties can be described by the Bernoulli equation, which

is

Pstart −Pend

ρ
+ 1

2 α
(

v2
start −v2

end

)

+g(zstart − zend) = 0

where

α = a dimensionless correction factor

ρ = fluid density

P = fluid pressure

v = fluid velocity

z = fluid elevation

g = acceleration of gravity

Prove that this equation is dimensionally consistent in both the

American engineering system and the metric system.

Hint: To handle the units in the pressure term, see Problem 8,

and also remember the definitions of the various units of force

and pressure shown in Tables 4.3 and 4.4.
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Chapter 5

Material Balances
(How Much Base Do We Need?)

5.1 CONSERVATION OF TOTAL MASS

Now that we have decided to dispose of our acid by neutralizing it with base, and

have learned how to describe the physical quantities such as mass and moles of acid and

base, we are ready to determine how much NaOH solution would need to be added to the

HCl product in order to neutralize it. That determination will require an understanding of

material balances.

One important principle in dealing with material balances is that total mass is con-

served. Ignoring the very small conversion of mass to energy in nuclear reactions, mass

will never be created or destroyed. In other words, all mass entering a system will either

leave that same system or will accumulate (build up) in the system. Writing this in formula

form,

Rate that

mass enters

the system
=

Rate that

mass leaves

the system
+

Rate that mass

accumulates

in the system
(5.1)

We encounter this concept in our everyday lives, such as when we fill a bathtub. If we try

to add water to a half-filled tub with the drain open, the following situations are possible:

situation #1: The water will enter faster than it leaves through the drain (the water

level will rise – hence the water will accumulate).

situation #2: The water will enter slower than it leaves through the drain (the water

level will fall – the accumulation will be negative).

situation #3: Under the right circumstances, the water will enter at exactly the same

rate as it leaves through the drain (the water level will not change –

accumulation is zero and the system is at steady-state).

Unlike total mass, total moles are not always conserved, because we sometimes have chem-

ical reactions taking place that change the number of total moles (e.g., A + B → C). Hence,

an equation similar to Equation 5.1 cannot be written for total moles.

If the process with which we are dealing is also steady-state, then nothing changes

with time. For such a process, there would be no accumulation of mass in the system,

because an accumulation of mass would be a change with time. For such a steady-state

process, Equation 5.1 reduces to Equation 5.2.

Rate of mass entering system = Rate of mass leaving system (5.2)

61



62 Chapter 5 Material Balances

Let’s examine how Equation 5.2 applies to a typical “system” (part of a process, a flow-

through reactor, etc.) such as the one depicted in Figure 5.1 in which several flowing

streams bring material into the system and several streams take material out of the sys-

tem.

System
Stream 1
Stream 2
Stream 3

Stream 4
Stream 5
Stream 6

Figure 5.1 Schematic diagram of a general system with input and output streams

For the system in Figure 5.1, the concept expressed in Equation 5.2 would be written

ṁ1 + ṁ2 + ṁ3 = ṁ4 + ṁ5 + ṁ6

where the units of each term are mass/time. A more general statement of this same principle

is given in Equation 5.3, which is the formal statement of the Steady-State Total Mass

Balance:

Steady-State

Total Mass Balance

∑
input

streams

ṁin = ∑
out put
streams

ṁout
(5.3)

where the subscript in in the left-hand summation indicates that the summation will include

a mass flow rate for each of the input streams (e.g., the subscript might be replaced with

a stream number as in Figure 5.1), and the subscript out similarly represents each of the

output streams. While this idea is straightforward and may seem too simple to write in such

formal terms, it is important for you to practice thinking in terms of balances that have the

form of Equation 5.3. The following example illustrates the approach:

EXAMPLE 5.1 Three different streams deliver contaminated oil to a waste oil tank, and the mass flow rates of those

streams are given below:
input mass flow rate

stream (lbm/hr)

1 196.7

2 243.9

3 119.3
The waste oil tank sits on a scale, and an outlet pipe is placed in the tank so that the waste oil can

be steadily withdrawn in an attempt to keep the scale reading from changing. At what mass flow rate

must the oil be withdrawn to maintain a constant scale reading?

SOLUTION The diagram for this problem is as follows:

m1 = 196.7 lbm/hr.

m2 = 243.9 lbm/hr.

m3 = 119.3 lbm/hr.

mout = ?.Waste 
Oil

Scale

(continued on the next page)
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EXAMPLE 5.1

(continued)

Since the flow rates into and out of the tank will be constant with time and the mass in the tank will

also be constant, we are dealing with a steady-state process. Therefore, Equation 5.3 becomes

ṁ1 + ṁ2 + ṁ3 = ṁout

or, rearranging and substituting values,

ṁout = ṁ1 + ṁ2 + ṁ3 = 196.7 + 243.9 + 119.3 = 559.9 lbm/hr

The calculation in Example 5.1 may seem trivial, but the value of this formal approach

will become more evident as we begin to deal with increasingly complex ways to express

the mass balance. For example, in Chapter 4, we learned that mass flow rate could also be

expressed in terms of density and volumetric flow rate, as shown in Equation 5.4a (also see

Equation 4.5):

ṁ = ρV̇ (5.4a)

For a stream of pure species A,

ṁ = ṁA = ρV̇ = MWAṅ (5.4b)

We repeat the encouragement given in Chapter 4 that you fully understand and can recon-

struct these alternate forms of mass flow rate. We can substitute the equivalent forms into

the steady-state mass balance to produce many variations (with Equation 5.3 repeated for

comparison purposes):

∑
input

streams

ṁin = ∑
out put
streams

ṁout

∑
input

streams

(ρV̇)in = ∑
out put
streams

(ρV̇ )out

∑
input

streams

ṁin = ∑
out put
streams

(ρV̇ )out

∑
input

streams

(ρV̇)in = ∑
out put
streams

ṁout

where other variations include expressing the mass flow rate of one input stream using one

form (e.g., ṁ) and another input stream using the other form (e.g., ρV̇ ). In each equation,

each term (or product of terms) in each summation sign still has the units of mass/time. To

illustrate, let’s revisit Example 5.1, but with the information given in a different form.
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EXAMPLE 5.2 Three different streams deliver contaminated oil to a waste oil tank, and the mass or volumetric flow

rates of those streams are given below:
Input Volumetric Flow Rate Density Mass Flow Rate

Stream (gal/hr) (lbm/ f t3) (lbm/hr)

1 27.4 53.7

2 243.9

3 19.4 46.0

If the oil leaving the tank has a density of 50.8 lbm/ f t3, at what volumetric flow rate must the oil be

withdrawn to maintain a constant scale reading?

SOLUTION The diagram for this problem is as follows:

V1 = 27.4 gal/hr, ρ1 = 53.7 lbm/ft3
.

m2 = 243.9 lbm/hr.

Vout = ? ρout = 50.8 lbm/ft3
.Waste 

Oil
Scale

V3 = 19.4 gal/hr, ρ3 = 46.0 lbm/ft3
.

Again, the mass balance for this system (rearranged) is

ṁout = ṁ1 + ṁ2 + ṁ3

but we can substitute forms for the mass flow rate that are more convenient (because of the forms of

the data that are given). In this case, a more convenient form is

ρ1V̇1 + ṁ2 + ρ3V̇3 = ρoutV̇out

Rearranging,

V̇out =
ρ1V̇1 + ṁ2 + ρ3V̇3

ρout

=

(

53.7 lbm

f t3

)

(

27.4
gal
hr

)

+ 243.9 lbm
hr

(

7.48gal

1 f t3

)

+

(

46.0 lbm

f t3

)

(

19.4
gal
hr

)

50.8 lbm

f t3

= 82.4
gal

hr

You should notice that a final algebraic solution was found before numbers were in-

serted into the solution and a calculation was made. This procedure (of finding the algebraic

solution first) is recommended because it will help you

1. organize the problem you are trying to solve

2. discover errors in your solution (because you will be able to see relationships be-

tween the algebraic symbols)

3. avoid unnecessary calculations

The conservation of total mass is a general principle that is valid in virtually all cir-

cumstances. Because of its general applicability, it is a universal basis for determining

some unknown input or output flow rate or density from the other flow rates and densities.
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Even when other balances must be constructed to determine additional information (you

learned in your mathematics courses that the number of equations must equal the number

of unknowns), the total mass balance is often required along with the other balance(s) to

produce the complete solution.

These first two examples are relatively simple, and the strategy for applying the gen-

eral material balance equations is somewhat intuitive. However, material-balance problems

can get sufficiently complex that our intuition may not be enough to get us through the so-

lution. Here, it becomes helpful to have a stepwise strategy for solving such problems.

Such a strategy is outlined below. You should discipline yourself to develop the habit of

following this approach even for simple problems, so that you will instinctively do so for

more complex problems where the strategy will become particularly helpful – both for the

problems presented in this book and in more advanced courses.

!

IMPORTANT
SUMMARY!

Steps for Analyzing
Material Balance

Problems

1. Draw a diagram if one is not already available.

2. Write all known quantities (flow rates, densities, etc.) in the appropriate loca-

tions on the diagram. If symbols are used to designate known quantities, include

those symbols on the diagram.

3. Identify and assign symbols to all unknown quantities and write them in the

appropriate locations on the diagram.

4. Select a basis if needed: If no flow rates are known, assume a convenient value

for one of the flow rates as a basis of calculation (e.g., 100 lbmol/s, 100 kg/hr,

etc.).

5. Determine the appropriate set of equations needed to solve for the unknown

quantities. In order for the problem to be solved, the number of equations must

equal the number of unknowns. The steps below can be used to obtain the desired

set of equations.

a. Construct the material balance equation(s):

1. Start with the general equation (so you don’t forget something)

2. Discard terms that equal zero in your specific problem

3. Replace remaining terms with more convenient forms (because of given

information or selected symbols)

b. Construct equations to express other known relationships between variables

(remember, the total number of equations must equal the number of unknowns).

6. Solve algebraically and then numerically: Solve algebraically for the desired

parameters and then determine their values.

The steps in the above summary are illustrated in the following example:
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EXAMPLE 5.3 Your company uses a process to concentrate orange juice by freeze-drying. The input to the process

is orange juice that has a density of 1.01 g/cm3. Two streams are output from the process. The first

output stream is the orange juice concentrate. The second is an ice slurry that has a density of 0.93

g/cm3. The orange juice is concentrated such that the volume of the concentrate is 1/4 that of the

incoming juice. Also, from experience it is known that we want to remove ice slurry at the following

volumetric rate (where J = juice and I = ice):

V̇I = 0.7
ρJV̇J

ρI

What is the density of the concentrate?

SOLUTION: Steps 1-3: First, we draw a diagram wherein we have one input stream (juice) and two output streams

(ice slurry and concentrate). The diagram is shown below with the pertinent values and symbols

included:

Juice

ρJ = 1.01 g/cm3

VJ (unspecified)
.

VI = ?,  ρI = 0.93 g/cm3.

VC = ?,  ρC = ?
.

Ice

Concentrate

Step 4: No flow rates are given, so we must choose a basis of calculation. In this case, it is convenient

to choose V̇J = 100 cm3/s. We choose 100, because it is a convenient number for calculation, and

we choose the units of cm3/s to be compatible with the units of density as given, namely g/cm3.

Step 5a: We now write a total mass balance for the system:

ṁJ = ṁI + ṁc

Substituting in forms of the mass flow rates that are more convenient (because of the given informa-

tion),

ρJV̇J = ρIV̇I + ρcV̇c

Step 5b: The unknowns in this equation are V̇I , V̇c, and ρc,. Thus, we have a single equation and three

unknowns. Additional relationships are then required. From the problem statement,

V̇I = 0.7
ρJV̇J

ρI
and V̇c = 0.25V̇J

These two relationships can be used to eliminate the two volumetric flow rates as unknowns, leaving

a single equation (the mass balance) and a single unknown (ρc).

Step 6: We now solve our mass balance algebraically to obtain an expression for the desired density:

ρc =
ρJV̇J − ρIV̇I

V̇c

Substituting in the above relationships,

ρc =

ρJV̇J −
(

0.70
ρJV̇J

ρI

)

0.25V̇J

= 4(ρJ −0.70ρJ) = 4(0.30ρJ) = 1.20ρJ = 1.21g/cm3
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5.2 MATERIAL BALANCES FOR MULTIPLE SPECIES

In the previous section, we formulated total mass balances, meaning that we described

the total mass in each stream. We will now consider streams containing more than one

chemical compound or species in situations where we need to keep track of one or more

of those species individually. Thus, we will write an entire material balance on only one

compound, and then, if needed, write another entire material balance on another compound,

and so on. We will call each balance on an individual compound a species balance.

As just stated, a balance can be constructed for a particular chemical compound. How-

ever, in contrast to total mass, which is neither created nor destroyed, a particular chemical

compound can be “created” (formed) or “destroyed” (consumed by transforming it to an-

other compound) by chemical reaction that occurs in the system. In that case, the formation

of a compound – e.g., species A – is an additional input of A in the balance, and the con-

sumption of A is an additional output. Thus Equation 5.1 becomes

Rate that

A enters

the system

+
Rate that

A is formed

in the system

=
Rate that

A leaves

the system

+
Rate that

A is consumed

in the system

+
Rate that

A accumulates

in the system

(5.5)

Again, we will restrict our focus to situations that are steady-state, so nothing changes with

time, and there would be no accumulation of mass of species A in the system. For such a

steady-state process, Equation 5.5 would reduce to Equation 5.6.

Rate that

A enters

the system
+

Rate that

A is formed

in the system
=

Rate that

A leaves

the system
+

Rate that

A is consumed

in the system
(5.6)

To formulate Equation 5.6 as a mass balance and in a format that we can use, we

introduce the following definitions:

R f ormation,A = rate that species A is formed, in units of mass/time

Rconsumption,A = rate that species A is consumed, in units of mass/time

Expressing Equation 5.6 with symbols as before, the Steady-State Mass Balance for

Species A is

Steady-State

Mass Balance

for Species A

∑
input

streams

ṁA,in + R f ormation,A = ∑
out put
streams

ṁA,out + Rconsumption,A
(5.7)

where all terms in the equation are in units of mass/time. The following example illustrates

the use of Equation 5.7.
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EXAMPLE 5.4 Natural gas, which is essentially pure methane, undergoes steady-state combustion by injecting it

into a small burner into which air is also injected. The methane flow rates in the steady input and

output streams are

Natural gas input stream: Methane mass flow rate = 4.61 g/s

Air input stream: Contains no methane

Output (flue gas) stream: Flow rate of unburned methane = 0.09 g/s

At what rate is the methane being burned (consumed)?

SOLUTION The rate at which methane is being burned or consumed is exactly what the term Rconsumption,A rep-

resents in Equation 5.7 (in this case Rconsumption,methane). The process diagram would be as follows:

Natural Gas Input
mmethane, nat.gas input = 4.61 g/s.

Air Input

Flue Gas

mmethane, air input = 0.

mmethane, flue gas = 0.09 g/s.Burner

The methane mass balance is

ṁmethane,nat.gas input + ṁmethane,air input + R f ormation,methane = ṁmethane, f luegas + Rconsumption,methane

But the flow rate of methane in the air input equals 0. Also, no methane is being formed in the

burner, so the rate of formation of methane equals 0. The methane balance then reduces to

ṁmethane,nat.gas input = ṁmethane, f luegas + Rconsumption,methane

Rearranging,

Rconsumption,methane = ṁmethane,nat.gas input − ṁmethane, f luegas

= 4.61g/s − 0.09g/s = 4.52g/s

In Equation 4.6, we saw that the mass flow rate and molar flow rate of species A may

be expressed in a number of ways, as repeated here in Equation 5.8.

IMPORTANT!

Master these

relationships!

ṁA = xAṁ = MWAṅA = MWAyAṅ = MWAcAV̇ (5.8a)

ṅA =
ṁA

MWA

=
xAṁ

MWA

= yAṅ = cAV̇ (5.8b)

Again, we repeat that it is important that you fully understand and can reconstruct

these equivalent forms of mass flow rate. For example, suppose that we are constructing

a mass balance (Equation 5.7) on species A in a system. Suppose, further, that the mass

flow rate of a stream (ṁ) is known, along with the mass fraction of species A in that
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stream (xA). Under such circumstances, it would be convenient to express the mass flow

rate of A in that stream (ṁA) as xAṁ . You should also remember that the sum of all mass

fractions in a stream (xA + xB + xC + ...) must equal 1.0, and the sum of all mole fractions

(yA + yB + yC + ...) likewise must equal 1.0.

Obviously, the mass balance for species A can take many forms, because the equivalent

forms indicated in Equation 5.8 can be substituted into any of the terms in the balance as

shown below, where the general form of the balance (Equation 5.7) is repeated here for

comparison.

∑
input

streams

ṁA,in + R f ormation,A = ∑
out put
streams

ṁA,out + Rconsumption,A

∑
input

streams

xAṁin + R f ormation,A = ∑
out put
streams

MWAṅA,out + Rconsumption,A

∑
input

streams

MWAṅA,in + R f ormation,A = ∑
out put
streams

MWA(cAV̇ )out + Rconsumption,A

∑
input

streams

MWA(yAṅ)in + R f ormation,A = ∑
out put
streams

ṁA,out + Rconsumption,A

∑
input

streams

MWA(cAV̇ )in + R f ormation,A = ∑
out put
streams

xAṁout + Rconsumption,A

etc.

etc.

NOTICE

IMPORTANT 
MESSAGE

TAKE NOTE!

You should note that this equation is written for only one species at a time! Thus, all of

the molecular weight terms in the equation are for the same species, and therefore are the

same. Furthermore, all of the concentration, flow rate, and reaction terms are for species A

only. One can write this balance for each species present, but again, each balance equation

is written for only one species.

Material balances are the key to solving a wide range of problems, including complex

problems involving multiple processing units, each with its own set of input and output

streams. However, in this book, we will limit the focus to material balances performed on

single units (with only one set of input and output streams).

In contrast with total material balances as presented in Section 5.1, material balances

for species contain terms to account for species formation and consumption. The following

sections consider (1) simple material balance problems that include formation or consump-

tion but where the chemical reaction stoichiometry is not given, (2) more complex material

balance problems for multiple species that do not include formation or consumption, and

(3) material balance problems that include formation or consumption and where the chem-

ical reaction stoichiometry is given.
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5.2.1 Material Balances with Formation or Consumption Where Chemical
Reaction Stoichiometry Is Not Given

In this type of problem we use a material balance with formation/consumption terms as

illustrated in Example 5.4. Words such as consumed, formed, converted, reacted, produced,

generated, absorbed, destroyed, etc. in the problem statement indicate that consumption or

formation terms are required in the material balance. The procedure for solving this type

of problem is the same as that described in the summary table entitled Steps for Analyzing

Material Balance Problems in Section 5.1. Per that table, after drawing and labeling a

diagram, we construct (step 5a) the general form of the material balance (Equation 5.7)

for the species of interest (i.e., the species for which particular information is required),

writing additional balances as needed. These additional balances may include a total mass

balance, which is especially useful for determining a missing flow rate. The procedure is

illustrated in the example below.

EXAMPLE 5.5 Penicillin is produced in reactors containing the bacteria of the species Penicillium chrysogenum.

One such method involves continuous (steady-state) production in a continuously stirred tank reac-

tor, where optimum penicillin production has been reported1 when both of the following are true:

1. the penicillin concentration inside the reactor is 0.002 gmol/L

2. the inlet volumetric flow rate is 0.25 L/hr for a 10 L reactor

A nutrient stream (containing no penicillin) is fed to a 10 L reactor containing the Penicillium chryso-

genum bacteria. A product stream containing penicillin leaves the reactor (the bacteria stay in the

reactor, and the penicillin concentration in the product stream is the same as inside the reactor). The

densities of the nutrient and product streams can be assumed to be equal.

What is the production rate of penicillin under these conditions?

Note: The molecular weight of this penicillin can be taken as 334.4.

SOLUTION The diagram and given information are as follows:

Nutrient Stream

cpenicillin, nutrient = 0
Product Stream

Vnutrient = 0.25 L/hr
.

Reactor
cpenicillin, reactor = 0.002 gmol/L

Rformation,penicillin = ?

In this problem, the species for which we need information is penicillin, so a material balance

is needed for this species. Note that the desired “production rate” is equal to the formation rate

(R f ormation,penicillin) as indicated on the diagram. Because formation or consumption is obviously

occurring, the formation/consumption terms of the material balance equation must be included:

ṁpenicillin,nutrient + R f ormation,penicillin = ṁpenicillin,product + Rconsumption,penicillin

But the flow rate of penicillin in the feed stream equals 0, and penicillin is being formed rather than

being consumed (the rate of penicillin consumption in the reactor is 0). Again, the production rate

being requested equals the formation rate. So the balance becomes

Production = R f ormation,penicillin = ṁpenicillin,product (1)

(continued on the next page)
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EXAMPLE 5.5

(continued)

From condition (1) and additional information in the problem statement,

cpenicillin,product = cpenicillin,reactor = 0.002gmol /L

so a more convenient form of Equation 1 is

Production = R f ormation,penicillin = MWpenicillincpenicillin,productV̇product (2)

This equation contains two unknowns, R f ormation,penicillin and V̇product . Therefore, another equation

is needed to solve this problem. Missing flow rates often can be determined from a total material

balance. In this case, a total material balance on the reactor gives

ρnutrientV̇nutrient = ρproductV̇product (3)

Because the problem statement indicated that the densities of the nutrient and product streams are

equal, Equation 3 becomes

V̇nutrient = V̇product (4)

From condition (2) of the problem statement and combining with Equation 4,

V̇nutrient = 0.25L /hr = V̇product

Now Equation 2 becomes

Production = MWpen.cpen.,prod.V̇prod. =

(

334.4
g

gmol

)(

0.002
gmol

L

)(

0.25
L

hr

)

= 0.17g/hr

5.2.2 Material Balances with No Formation/Consumption

A number of important problems in chemical engineering do not include formation/

consumption. For example, separation problems involve the extraction of specific com-

pounds from mixtures of chemicals. For this type of problem we avoid writing the for-

mation and consumption terms in Equation 5.7 by identifying up front that they are not

needed. However, we still write mass balances for the individual species of interest. The

procedure is illustrated in the example below.

EXAMPLE 5.6 Benzene and toluene (two similar compounds) are partially separated using a distillation column.

The feed (input) stream of 100 kg/hr contains benzene at a mass fraction of 0.40, with the balance

being toluene. In the overhead output stream, the benzene flow rate is 36 kg/hr, and in the bottoms

output stream, the toluene flow rate is 54 kg/hr. What are the toluene flow rate in the overhead output

stream, and the benzene flow rate in the bottoms output stream?

SOLUTION The diagram with the pertinent information is as follows:

Feed Stream

xben., feed = 0.40 kg benzene/kg

Overhead Output Stream

mfeed = 100 kg/hr.

Distillation 
Column

Bottoms Output Stream

mben., ovhd = 36 kg/hr.

mtol., ovhd = ?.

mben., bot = ?.

mtol., bot = 54 kg/hr.

(continued on the next page)
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EXAMPLE 5.6

(continued)

Because we need information about both toluene and benzene, we write species balances for both of

them. Further, because there are no chemical reactions, the formation and consumption terms in the

material balance equations equal 0.

Benzene balance: ṁben., f eed = ṁben.,ovhd + ṁben.,bot.

or, more conveniently: xben., f eedṁ f eed = ṁben.,ovhd + ṁben.,bot. (a)

Toluene balance: ṁtol., f eed = ṁtol.,ovhd + ṁtol.,bot.

or, more conveniently: xtol., f eedṁ f eed = ṁtol.,ovhd + ṁtol.,bot. (b)

Looking at Equations (a) and (b), we identify three unknowns, xtol., f eed , ṁtol.,ovhd , and ṁben.,bot , for

two equations. Thus, we need another equation, and the obvious choice is that mass fractions must

add to equal 1.0.

Sum of mass fractions: xben., f eed + xtol., f eed = 1.0 (c)

From Equation (c): xtol., f eed = 1.0 − xben., f eed = 1.0 − 0.4 = 0.6

From Equation (a): ṁben.,bot = xben., f eedṁ f eed − ṁben.,ovhd.

= (0.4kgbenzene/kg)(100kg/hr) − 36kgbenzene/hr

= 4kgbenzene/hr

From Equation (b): ṁtol.,ovhd = xtol., f eedṁ f eed − ṁtol.,bot.

= (0.6kgtoluene/kg)(100kg/hr) − 54kgtoluene/hr

= 6kgtoluene/hr

Problems may also often involve specifications such as “95% of species A in the feed

stream leaves in product stream.” Therefore, ṁA,product = 0.95ṁA, f eed . Make sure to look

for these types of relationships in the problem statement.

5.2.3 Material Balances with Formation/Consumption Where Chemical
Reaction Stoichiometry Is Given

The problems of the previous two sections used mass balances. However, in problems

involving a chemical reaction and where the stoichiometry of the reaction is known, it is

usually more convenient to use mole balances to solve the problem. To construct those

balances, we need the following definitions:

r f ormation,A = rate that species A is formed, in units of moles/time

rconsumption,A = rate that species A is consumed, in units of moles/time

From these definitions, it should be clear that

R f ormation,A = MWAr f ormation,A (5.9a)

Rconsumption,A = MWArconsumption,A (5.9b)
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To obtain mole balances, we can substitute Equations 5.9a and 5.9b into Equation 5.7

and express the mass flow rate as MWAṅA. The result is that the molecular weight of species

A appears in all the terms of the material balance and can be divided out. This results in a

Mole Balance on Species A (every term has units of moles/time):

Steady-State

Mole Balance

for Species A

∑
input

streams

ṅA,in + r f ormation,A = ∑
out put
streams

ṅA,out + rconsumption,A
(5.10)

Again, recognizing the equivalent forms for the molar flow rate of species A suggested

by some of the terms in Equation 5.8, we can substitute those forms as convenient (because

of the forms of the given data or desired quantities), such as

∑
input

streams

(yAṅ)in + r f ormation,A = ∑
out put
streams

ṅA,out + rconsumption,A

∑
input

streams

(cAV̇ )in + r f ormation,A = ∑
out put
streams

(yAṅ)out + rconsumption,A

These relations are particularly useful in cases where the stoichiometry of the chemical

reaction is known, because the stoichiometry helps us relate the molar rates of formation

or consumption of the participating species. If the process includes a chemical reaction,

such as

νAA + νBB → νCC + νDD

where νA is the stoichiometric coefficient for species A, etc., then the reaction equation pro-

vides relationships between the values of the formation and consumption terms (expressed

in moles/time) for the reacting species; e.g.,

rconsumption,B

rconsumption,A
=

νB

νA

r f ormation,C

rconsumption,A
=

νC

νA

r f ormation,D

rconsumption,A
=

νD

νA

Note that species on the left side of the reaction equation are consumed, and species on

the right are formed. As we will restrict ourselves to a single chemical reaction, any one

species is either consumed or formed, but not both. To use these relationships, select one of

the species in the reaction to be a reference species and write the stoichiometric relation-

ships relative to that reference, as is shown above where species A is used as the reference

species. Once one of the formation or consumption terms is known, stoichiometric rela-

tionships can be used to find all of the other formation or consumption terms for species

participating in the chemical reaction.

We are left with the challenge of finding at least one of the formation/consumption

terms. The formation or consumption rate of a particular species can be found from the

material balance for that species if both the inlet and outlet flow rates are known. Another

common method of supplying information about formation/consumption is to specify the

conversion of a particular species. The conversion is the fraction of a species that reacts.

For example, an 85% conversion of A means that 85% of the A that enters the reactor is

consumed in the reaction. This yields the consumption rate of A directly:

rconsumption,A = XA ∑
All Input
Streams

ṅA,in
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where XA is the fractional conversion of A (0.85 for this case). The following example

illustrates how to solve a material balance problem where a chemical reaction is given.

Note that we will only consider problems with a single chemical reaction. Systems with

multiple units and multiple reactions will be addressed in a later course.

EXAMPLE 5.7 Ethylene is used to make many important products, including the common polymer polyethylene

(used to make plastic bags and many other products). As a design engineer, you are designing a

process to convert some excess butene (C4H8) to ethylene (C2H4) using the reaction

C4H8 → 2C2H4

Your process will include reaction and separation, and two streams will exit the process: an ethylene-

rich stream and a butene-rich stream. The following are requirements for the process:

Feed (input) stream: Flow rate: 865 lbm/hr

Composition: Pure butene

Ethylene-rich output stream: Flow rate: 25.5 lbmol/hr

Composition: 92 mole% ethylene (the rest is butene)

Butene-rich output stream: Flow rate: 240 f t3/hr

Composition: ethylene and butene

Of the incoming butene, 84% is converted to ethylene. What will be the concentrations of ethylene

and butene (in units of lbmol/ f t3) in the butene-rich outlet stream?

SOLUTION The diagram and given information are as follows:

Pure Butene Feed

Ethylene-Rich Stream

mfeed = 865 lbm/hr.

Butene-Rich Stream

ne.rich = 25.5 lbmol/hr.

yeth., e.rich = 0.92

Vb.rich = 240 ft3/hr
.

ceth., b.rich = ?  cbut., b.rich = ? 

Because we know the chemical formulas of ethylene and butene, their molecular weights are essen-

tially “known” (i.e., easily determined):

(MW )eth. = 12(2) + 4 = 28 lbm/lbmol

(MW )but. = 12(4) + 8 = 56 lbm/lbmol

Because we need information about both butene and ethylene, we write balances for both of them.

Also, given a chemical reaction with known stoichiometry, we will follow the recommendation to

use mole balances.

Butene balance: ṅbut., f eed = ṅbut.,e.rich + ṅbut.,b.rich + rcons.,but.

or
ṁbut., f eed

MWbut.
= ybut.,e.richṅe.rich + cbut.,b.richV̇b.rich + rcons.,but. (a)

(continued on the next page)
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EXAMPLE 5.7

(continued)

Ethylene balance: r f orm.,eth. = ṅeth.,e.rich + ṅeth.,b.rich

or

r f orm.,eth. = yeth.,e.richṅe.rich + ceth.,b.richV̇b.rich (b)

From the balances (2 equations), we identify five unknowns: ybut.,e.rich, cbut.,b.rich, rcons.,but., r f orm.,eth.,

ceth.,b.rich. Therefore, we need three more equations.

Mole fractions:

yeth.,e.rich + ybut.,e.rich = 1.0 (c)

Stoichiometry:
r f orm.,eth.

rcons.,but.
=

2

1
= 2 (d)

Conversion:

rcons.,but. = 0.84 ṅbut., f eed =
0.84ṁbut., f eed

(MW )but.
(e)

We now have five equations and five unknowns and can solve those equations:

From Equation (c):

ybut.,e.rich = 1.0 − yeth.,e.rich = 1.0 − 0.92 = 0.08

From Equation (e):

rcons.,but. =
(0.84)(865 lbm/hr)

56 lbm/lbmol
= 13

lbmol

hr

From Equation (d):

r f orm.,eth. = 2(rcons.but.) = 26.0 lbmol/hr

From Equation (b):

ceth.,b.rich =
r f orm.,eth. − yeth.,e.richṅe.rich

V̇b.rich

=
26.0 lbmol/hr−0.92(25.5 lbmol/hr)

240 f t3/hr
= 0.0106 lbmol/ f t3

From Equation (a):

cbut.,b.rich =

ṁbut., f eed

(MW )but.
− ybut.,e.richṅe.rich − rcons.,but.

V̇b.rich

=

865 lbm/hr
56 lbm/lbmol

− 0.08(25.5 lbmol/hr) − 13.0 lbmol/hr

240 f t3/hr
= 0.0017 lbmol/ f t3

!
CAUTION!

One final note of caution. The total number of moles is typically not conserved in a chem-

ical reaction. Therefore, you should not write a total mole balance for a reacting system.

5.2.4 Guidelines for Species Balances

Problems involving material balances, especially with multiple species, can become

very complex, and the steps for analyzing material balance problems presented earlier in

this chapter are vital to the solution of such problems, as illustrated in the examples above.

Guidelines helpful for solving problems involving multiple species are summarized below.
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!
IMPORTANT

SUMMARY!

Guidelines for Solving

Material Balance
Problems Involving

Multiple Species

1. Determine if species information is required, or if an overall mass balance will

suffice. Note: Problems involving multiple species require species information.

2. If information on a particular species is required, write the balance for that

species first. It may be that a single-species equation will provide enough in-

formation to solve the problem.

3. Use species mole balances rather than mass balances if the reaction stoichiometry

is known.

4. Do not attempt to balance the total number of moles for reacting systems if the

reaction changes the number of moles.

5. A total mass balance is frequently useful to determine a missing flow rate for

systems where the densities of the input and output streams are approximately

constant. The constant-density assumption is applicable to liquid systems that

contain a small amount (small concentration) of a reactant or pollutant or dis-

solved substance such as a salt.

6. Words like consumed, formed, converted, reacted, produced, generated, absorbed,

destroyed, and the like in the problem statement indicate that consumption or for-

mation terms are required in the material balance. Systems that include chemical

reactions always require formation and/or consumption terms.

7. If a single species balance does not provide sufficient information to solve the

problem, write additional material balances up to the total number of species. If

there are still more unknowns than equations, look for additional relationships

among the unknowns, such as

a. Given flow rates or ratios (e.g., “the incoming propane has a flow rate of 31

kg/s” or “16 moles of oxygen enter the reactor for each mole of octane that

enters”)

b. Fractions (mass or mole) of all species in a stream must add up to 1.0

c. Stoichiometry: if the process includes a chemical reaction, such as

νAA + νBB → νCC + νDD

where νA is the stoichiometric coefficient for species A, etc., then the reac-

tion equation provides relationships between the values of the formation and

consumption terms (expressed in moles/time) for the reacting species; e.g.,

rconsumption,B

rconsumption,A
=

νB

νA

r f ormation,C

rconsumption,A
=

νC

νA

r f ormation,D

rconsumption,A
=

νD

νA

To use these relationships, select one of the species in the reaction to be a

reference species and write the stoichiometric relationships relative to that

reference, as is shown above where species A is used as the reference species.

d. Conversion: if it is known that a certain fraction (X) of reactant A is converted

(or “consumed”) in the process, one can write that the rate of consumption of

A equals that fraction of the total incoming flow rate of A; i.e.,

rconsumption,A = XA ∑
All Input
Streams

ṅA,in OR Rconsumption,A = XA ∑
All Input
Streams

ṁA,in

Note: If the conversion is given as a percentage, it must be converted to a

fraction.

8. Carry units as you work the problem. Calculation mistakes are frequently dis-

covered as you try to work out the units.
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5.3 MATERIAL BALANCES: SUMMARY

In this chapter we have discussed total mass balances and three different types of

problems involving species balances, illustrated in Sections 5.2.1, 5.2.2, and 5.2.3. When

confronted with a new problem (e.g., in your homework or on an exam) a useful first step

is to identify the type of problem, as summarized by the following decision-tree diagram:

Material Balance

Total Balance 
Is Adequate

Species Balance(s) 
Needed

No Formation/ 
Consumption

Formation/ 
Consumption

Known 
Stoichiometry

Unknown 
Stoichiometry

Figure 5.2 Decision-tree diagram for solving material-balance problems

Thus, the following questions will lead you through that decision tree:

• Is species information required, or will a total balance suffice?

• If species information is required, are there formation/consumption terms?

• If there are formation/consumption terms, is the reaction stoichiometry known or

unknown?

Once you have identified the type of problem, you can use the specific approach needed to

address that type of problem.

Finally, when solving problems using material balance equations, it is frequently nec-

essary to use more than one balance to solve a given problem. For example, a balance on

total mass and a balance on one of the species may both be needed to arrive at a unique

solution. Or balances on two separate species (e.g., species A and species B) might be

needed. In fact, one can write as many balance equations as there are species (one balance

per species), or write balances on all species except one plus a balance on total mass. Of

course, one can write equations representing additional information as well (given flow

rates, given conversions, etc.). The strategy is to keep writing equations until the total

number of equations equals the total number of unknowns.

5.3.1 The Acid-Neutralization Problem

We can now apply what we have learned about material balances to our problem,

which uses NaOH to neutralize the HCl from our company process. The simplified diagram

for this process was presented in Figure 3.1 as follows:
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HCl from 
Manufacturing 
Process HCl Tank

NaOH Tank Neutralization 
Reactor

To Disposal

Figure 5.3 Process for neutralizing an HCl solution by the addition of a NaOH solution

As presented originally in Equation 3.1, the reaction of HCl and NaOH is

HCl + NaOH → H2O + NaCl (5.11)

For this system, HCl and NaOH are consumed and not formed (so the r f ormation terms are

0). If we further require that the HCl and NaOH be totally consumed (their concentrations

are 0 in the stream leaving the reactor), the mole balances (with appropriate equivalent

forms) are:

HCl:
(

cHClV̇HCl solution

)

in
= rconsumption,HCl (5.12)

NaOH:
(

cNaOHV̇NaOH solution

)

in
= rconsumption,NaOH (5.13)

From the stoichiometry of the reaction, one mole of NaOH reacts with one mole of HCl,

so
rconsumption,HCl

rconsumption,NaOH

=
1

1
= 1

or

rconsumption,HCl = rconsumption,NaOH (5.14)

Solving Equations 5.12, 5.13, and 5.14 together gives, finally,

cNaOHV̇NaOH solution = cHClV̇HCl solution (5.15)

To compute the needed flow rate of NaOH solution,

V̇NaOH solution =
cHClV̇HCl solution

cNaOH

(5.16)

Equation 5.16 allows us to compute the necessary flow rate of NaOH solution for any

combination of HCl and NaOH concentrations and flow rate of HCl solution. This will be

useful in predicting the effects of changes of any of these variables.

You will see that we have accomplished at least two objectives. The principles of

constructing material balances were outlined and applied to a number of kinds of problems.

Those principles form the basis of many kinds of calculations in chemical engineering,

including applications and configurations not mentioned in this introductory treatment.

The second accomplishment was that the principles just mentioned were applied to our

problem of neutralizing the HCl from our company process so that progress could be made

in designing a new process to accomplish that neutralization. Those calculations, based on

Equation 5.16, will be carried further in the next chapter.
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♦ Humanitarian Application of Material Balances

The value of material balances is illustrated by the hu-

manitarian project in which engineering students and fac-

ulty from Brigham Young University designed and built a

process for converting coconut oil to biodiesel fuel and soap

and then took that process to Tonga and put it into operation.

As described in homework problems in Chapter 2 and this

chapter, the great benefit of the process was that it reduced

the expenses of the Tongan people, who were paying exorbi-

tant prices to purchase diesel fuel to run their tractors, cars,

and equipment and also were paying high prices for soap,

which, at times, was in short supply. But they had a large

surplus of coconuts (most of which rotted in the fields).

In the design of the small-scale biodiesel/soap process, it

was important to estimate the flow rates of the input streams,

which were a coconut-oil stream, a methanol stream, and

a sodium-hydroxide stream. Those flow rates, in turn, were

affected by external factors such as

• At what rate could methanol be imported?

• How fast could the coconut oil be prepared (i.e., how

fast could crews gather, husk, and crack open the co-

conuts and then harvest, dry, and squeeze the coconut

meat to collect the oil)?

• At what rate could NaOH be imported (or perhaps pro-

duced locally)?

Those factors, in turn, determined the rate at which the diesel

fuel could be produced (as determined by material balances

such as in problem 5.19). The forecasted production rate de-

termined how useful this project would be in comparison

with the demand for the fuel.

A second aspect of the coconut-oil process and its mate-

rial balances was the production rate of glycerol (glycerin) as

a byproduct. Glycerin can readily be made into soap, which

provides a needed commodity and saves the cost of other-

wise importing soap. Further, the locally produced glycerin

might add a source of revenue for the country, since the glyc-

erin production rate (again determined from the associated

material balances) could potentially outpace the local need

and become a product for exporting.

Happily, the process demonstrated in 2007 has been help-

ful for establishing a small biodiesel co-op. The co-op in-

volves local farmers bringing their coconuts to a biodiesel

processing center in which the farmers receive reduced costs

for renting farm machinery that utilizes biodiesel. Expansion

of the process to other islands is also being explored.

REFERENCES
1. Rani S., Jetty A., Ramakrishna S., Penicillin Production in Continuous Stirred Tank

Reactor by Penicillium chrysogenum Immobilized in Agar, Chem. Biochem. Eng. Q.

37(2): 119-122 (2003).

READING QUESTIONS

1. What assumptions are inherent in Equation 5.3? When do

such assumptions not apply?

2. In what way(s) can a material balance on a particular chem-

ical compound differ from a total material balance?

3. Explain the origin of Equation (e) in Example 5.7. What

information in the problem statement was used in writing this

relationship? What does rconsumption,butene represent physically?

4. Suppose that you have a process that converts nitrogen and

hydrogen into ammonia by the following chemical reaction:

N2 + 3H2 → 2NH3

a. For this process, is it correct to write a total mole bal-

ance such as ∑ ṅin = ∑ ṅout ? Why, or why not?

b. What is the maximum number of material balance equa-

tions that can be properly written for this process, as-

suming that nitrogen, hydrogen, and ammonia are the

only chemical species present?

c. Your colleague claims that the solution of this problem

requires a total mass balance along with three individ-

ual species balances for a total of four material balance

equations. Do you agree? Why, or why not?

5. Suppose that you (as a chemical engineer) have been asked

to design a treatment facility for a hazardous waste stream. How

might material balances be used to help you with your design?
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HOMEWORK PROBLEMS

1. Feed water is fed to a large steady-state boiler. Most of the

water leaves the boiler as high-pressure steam, with a smaller

amount of hot residual water discharged to waste. The water

densities and flow rates and the steam density are as follows:

Volumetric

Stream Density Flow Rate

(kg/m3) (m3/min)

Feed water 1000 28.0

Hot residual water 960 6.5

High-pressure steam 3.7

What is the volumetric flow rate of the steam?

2. To make an industrial solvent, benzene (C6H6) is provided

at a molar flow rate of 1140 kgmol/hr. Toluene (C7H8) is also

added to the benzene at a rate of 213 kgmol/hr to enhance

the solvent properties. Finally, it is necessary to add phenol

(C6H6O) so that the final solvent production rate (mass flow

rate) is 115,000 kg/hr. At what mass flow rate should the phe-

nol be added?

3. In a candy company, separate streams of sugar, butter, corn

syrup, cocoa, vanilla extract, and milk enter a mixer-boiler and

come out as fudge. The sugar (sucrose, C12H22O11) is purchased

from a sugar farmer who used to be a chemist and who packages

it by the lbmol, and the process uses 1.75 lbmol/hr. Butter is fed

to the process at a rate of 60 lbm/hr, corn syrup is fed at a rate

of 3.5 gal/hr, and cocoa is fed at 17 lbm/hr. Finally, vanilla ex-

tract is fed at a rate corresponding to 1 lbm of extract for every

30 lbm of sugar. How many gallons of milk per hour must be

fed to the process for a total fudge production of 830 lbm/hr?

(Assume that both the corn syrup and milk have densities equal

to 62.4 lbm/ f t3.) What are the mole percentages?

4. Two streams of similar liquid mixtures enter the center of

a distillation column. The action of the column separates the

combined mixture into several components of different volatil-

ities (and different densities), which leave the column at the

top (product stream 1), middle (product stream 2), and bottom

(product stream 3). Given the following data, what is the density

of product stream 2?

Stream Mass Flow Volumetric Flow Density

(kg/hr) (m3/hr) (kg/m3)

feed 1 260,000

feed 2 283 935

prod. 1 157 721

prod. 2 235

prod. 3 208,000

5. An “absorber” is a device used to bring a gas containing

toxic chemicals into contact with a liquid that absorbs some of

those toxic chemicals from the gas. Thus, a gas stream and liq-

uid stream enter the absorber, and a gas stream and liquid stream

leave the absorber.

In an absorber you are designing, the entering gas stream

flows at 340 f t3/min, while the gas stream leaving the absorber

flows at 270 f t3/min. Meanwhile, the liquid stream leaving the

absorber must be treated, so its flow rate is specified to be 77

lbm/min. What mass flow rate is needed for the entering liquid

stream (in units of lbm/min)?

The densities of the entering and exiting gas streams are

equal to 0.087 lbm/ f t3.

6. A manufacturing plant located in a narrow canyon has ap-

plied to the Environmental Protection Agency (EPA) for a per-

mit to continuously release 15 f t3/min of exhaust gas, contain-

ing 0.06 gmol/ f t3 of a pollutant, into the air. The wind trav-

els through the canyon at an average flow rate of 800 f t3/min

(not including the exhaust gas). Furthermore, the pollutant also

reacts with the air and sunlight to be converted to a harmless

product (the volume of air consumed in this reaction is negli-

gible) so that 20% of the pollutant released is converted by the

time it leaves the canyon.

a. What will be the average concentration of the pollutant

in the air coming out of the canyon?

b. What wind flow rate entering the canyon would produce

a pollutant concentration greater than 0.0025 gmol/ f t3

in the air coming out of the canyon?

Hint 1: The canyon has two input streams, the entering wind

(containing no pollutant) and the exhaust gas from the manu-

facturing plant. Two outlet streams are the exiting (mixed) wind

and the conversion of pollutant to a harmless product.

Hint 2: The densities of the exhaust gas and the wind can be

assumed to be equal.

7. Human lungs transfer oxygen from air to blood due to cyclic

inhaling and exhaling, but over time, the process can be consid-

ered to be steady-state. As air enters the lungs, it contains a large

amount of oxygen, and it then leaves the lungs with less oxygen.

Meanwhile, when blood enters the lungs, it contains less oxygen

but leaves with more. The oxygen can be treated as a nonreact-

ing species that merely transfers from the air to the blood. From

the oxygen concentrations and the blood flow rates listed below,

what flow rate of air must pass through the lungs (averaged over

time)? The flow rate of air can be considered to be the same for

the inspired (entering) air as for the expired (exiting) air.

Stream O2 Concentration Flow Rate

(gmol/L) (L/min)

Entering air 0.00934

Exiting air 0.00705

Entering blood 0.00670 5.0

Exiting blood 0.00893 5.0
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8. One method to estimate the flow rate of blood delivered by

the heart (called the “cardiac output”) is to continuously inject a

dye into the artery (aorta) entering the main circulatory system

and measure the dye concentration in the outlet from that circu-

latory system (right atrium). In one such measurement, the dye

is injected at a rate of 20 g/min, and the measured dye content at

the outlet is 0.39 wt%. Also, the dye concentration in the blood

is essentially 0 before the dye is injected (this procedure obvi-

ously must be completed in a short time to avoid interference

from the recirculation of blood containing the dye).

a. What is the mass flow rate of blood and dye exiting the

circulatory system?

b. What is the mass flow rate of just the blood through the

circulatory system (without the dye)?

c. If the density of blood is 1.06 g/cm3, what volumetric

flow rate is indicated by the answer to part (b)?

9. One method of producing drinkable water is to force sea

water through a membrane that does not allow the salt to pass

through. A large facility continuously filters 2300 L of sea wa-

ter per hour. The sea water contains sodium chloride (NaCl) at

a concentration of 1.4 M. Two streams emerge from the facility:

(1) a “brine” stream with a sodium chloride concentration of 5.6

M and flow rate of 560 L/hr and (2) a drinking water stream.

The densities of the three streams can be considered to be the

same. What is the sodium chloride concentration in the drinking

water?

10. Gas in a tank contains a poison at a concentration cT ,

but the gas is leaking into the surrounding room at a rate of

T cm3/min. Meanwhile, an air conditioner brings fresh air into

the room at a rate of A cm3/min. The air in the room is well

mixed and leaves through an open window (with the same con-

centration as in the room). The densities of all the gases are the

same. Initially, the concentration of poison in the room (cR) will

rise, but it eventually will reach a steady value. In terms of the

given symbols, what is that steady concentration?

11. Because of environmental considerations, acetone must

be removed from air used in your chemical plant before the

air is released into the atmosphere. The acetone is removed by

absorbing it into water and distilling the water to produce an

acetone-rich stream and a water-rich stream.

Two streams enter the process as listed in the table below. The

first is the dirty air stream, which has a total mass flow rate of

3500 kg/hr. The second is a pure water stream.

Three streams exit the process as shown in the table, a pure air

stream, an acetone-rich liquid, and a water-rich liquid. The flow

rate of the water-rich outlet stream has been measured to be 650

kg/hr.

What are the mass flow rates of the other streams?

Dirty Pure Pure Acetone- Water-

Air Water Air Rich Liquid Rich Liquid

In In Out Out Out

xair 0.98 0 0 0 0

xacetone 0.02 0 1.0 0.99 0.04

xwater 0 1.0 0 0.01 0.96

12. A mixture of ethylbenzene, para-xylene, meta-xylene and

ortho-xylene enters a separation system at a rate of 10,000 kg/hr.

Three streams leave the separator. The first exit stream has a

flow rate of 1,377 kg/hr and contains no ortho-xylene. The sec-

ond exit stream has a total flow rate of 5750 kg/hr, has an ortho-

xylene flow rate of 297 kg/hr, and contains 95% of the para-

xylene that entered in the feed stream. The third exit stream

contains no ethylbenzene. Known mass fractions are shown be-

low:

Component Feed Exit Exit Exit

Stream Stream 1 Stream 2 Stream 3

Ethylbenzene(xeb) 0.15 0.97 ?

Para-xylene(xp) 0.20 0.01 ? ?

Meta-xylene(xm) 0.35 0.02 ? ?

Ortho-xylene(xo) 0.30 ? ?

Find the following:

a. The flow rate of ethylbenzene in the second exit stream

b. The flow rate of ortho-xylene in the third exit stream

c. The flow rate of para-xylene in the third exit stream

d. The mass fraction of meta-xylene in the third exit stream

13. For the combustion of methane presented in Example 5.4,

the chemical reaction is

CH4 + 2O2 → CO2 + 2H2O

Suppose that methane flows into a burner at 30 gmol/s, while

oxygen flows into the same burner at 75 gmol/s. If all the meth-

ane is burned and a single output stream leaves the burner, what

is the mole fraction of CO2 in that output stream?

Hint 1: Does the fact that all the methane is burned mean that

all the oxygen is burned also?

Hint 2: Find the molar flow rate of each component gas in the

outlet gas (“flue gas”).

14. A stream of pure species A (50 kgmol/hr) and a stream

of pure species B (5 kgmol/hr) enter a reactor where the A is

converted to B according to the reaction

2A → B

If the molar flow rate of A in the output stream from the reactor

is 20 kgmol/hr, what is the molar flow rate of species B in that

same output stream?
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15. A chemical process is used to convert toluene (MW=92)

and hydrogen to benzene (MW=78) and methane (CH4) by the

reaction

Toluene + H2 → Benzene + CH4

Two streams enter the process. The first input stream is pure

liquid toluene, which enters at a rate of 40 gmol/s. The second

input stream is a mixture of H2 (95 mole%) and CH4 (5 mole%).

The flow rate of H2 in the second stream is equal to 200 gmol/s.

Two streams leave the process. The first output stream contains

only liquid benzene (product) and toluene (unconverted reac-

tant). The second output stream contains gaseous H2 and CH4.

If the conversion of toluene in the process is 75% (i.e., 25% is

unreacted), what are the molar flow rate and mass fraction of

benzene in the liquid output stream?

Hint: Like many situations in life, this problem may provide

more information than you need to answer the given question.

16. Fuel cells have been proposed for use in cars and for power

generation as part of a hydrogen economy. They offer the advan-

tages of higher efficiency (not limited by heat cycle efficiencies)

and cleaner fuel with no significant pollutants. The net reaction

is as follows:

2H2 + O2 → 2H2O

where O2 comes from the air (which, for this problem, can be

assumed to be 21 mole% O2 and 79 mole% N2). Hydrogen (H2)

flows into a fuel cell implemented in a prototype vehicle at a

rate of 27 gmol/min. Air (consisting of oxygen and nitrogen)

enters the fuel cell in a separate stream. The amount of oxy-

gen entering the fuel cell is 50% more than that needed to react

stoichiometrically with all of the entering hydrogen. The con-

version of hydrogen in the fuel cell is 85%. Assume that only a

single stream exits the fuel cell. What is the flow rate of each of

the species leaving the fuel cell? Note that the flow rates given

correspond to a fuel cell rated at approximately 50 kW using

2004 technology.

17. In the fabrication of semiconductors, one step is the for-

mation of additional gallium arsenide (GaAs) on the surface of

a GaAs wafer. To accomplish this, gaseous tri-methyl gallium

(TMG) and arsine flow in a carrier gas (usually hydrogen) over

the solid and react on the solid surface at a temperature of 900K

to produce the solid GaAs and gaseous methane. The unreacted

TMG and arsine and the newly produced methane flow out in

the outlet gas.

Ga(CH3)3(g) + AsH3(g) → GaAs(s) + 3CH4(g)

TMG Arsine Methane

This process can be treated as a steady-state process wherein

the deposition of the solid is treated as an outlet stream of pure

solid GaAs. For such a process, the following are given:

Gas In Gas Out Solid “Out”

Stream Flow Rate 8.5 L/min 8.5 L/min 7 mg/min

Components TMG, arsine, TMG, arsine, GaAs

H2 H2, CH4

where the quantity in the solid “out” indicates that we wish to

deposit 7 mg/min of GaAs. Also, we have assumed that the flow

rate of the gas stream doesn’t change significantly.

What is the concentration of methane in the outlet gas?

18. Ammonia is used for fertilizer production and has been

critical to successful agriculture. A steady-state chemical pro-

cess is used to convert nitrogen (N2) and hydrogen (H2) to am-

monia (NH3) by the reaction

N2 + 3H2 → 2NH3

Stream 1, containing 95 mole% nitrogen and 5 mole% hydro-

gen, enters the process at a rate of 400 lbmol/hr, and stream

2, containing pure hydrogen (density = 0.08 lbm/ f t3), enters

the process at a volumetric flow rate of 31,000 f t3/hr. A single

stream leaves the process. If all of the nitrogen is consumed in

the reaction, what is the molar flow rate of hydrogen in the ex-

iting stream?

19. Students and faculty from Brigham Young University de-

veloped and delivered a small-scale process to Tonga for mak-

ing biodiesel fuel from coconut oil. The central component of

the process was the reactor where the coconut oil (triglycerides

containing a variety of fatty acids – represented as R1, R2, and

R3) is reacted with methanol in the presence of sodium hydrox-

ide (acting as a catalyst, thus not consumed) as shown in the

following reaction:

CH2OOR1

CHOOR2

CH2OOR3

+ 3CH3OH
NaOH

3CH3OORx +

CH2OH

CHOH

CH2OH

coconut oil methanol biodiesel glycerol

The conversion of coconut oil is essentially 100%, and the

products are biodiesel, which is a collection of fatty esters (the

collection of several varieties are represented here by the desig-

nation Rx), and glycerol.

For the small-scale process (assume steady-state), 140 L/hr

of coconut oil is fed to the reactor, along with 540 g/hr solid

(pure) NaOH. Based on previous testing, methanol is also fed

at a molar flow rate equal to 4.2 times the molar flow rate of

coconut oil. A single outlet stream leaves the reactor. The prop-

erties of all components are as follows:

(continued on the next page)
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19. (continued)

Component Formula MW Density

Coconut Oil (mixed) 659 878 g/L

Methanol CH3OH 32 792 g/L

Sodium Hydroxide NaOH 40

Biodiesel (mixed) 221 880 g/L

Glycerol C3H8O3 92

a. What is the mass fraction of biodiesel in the reactor out-

put?

b. Later stages of the process separate the components of

this reactor output to provide a stream of essentially

pure biodiesel. What is the volumetric flow rate of that

stream?
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Chapter 6

Spreadsheets
(Calculating the Cost of the Base)

6.1 THE CALCULATION SCHEME

Now that you have decided to neutralize the acid with sodium hydroxide, one of the

next steps is to specify the flow rate and concentration of NaOH needed and to determine

the cost associated with that NaOH. Let’s suppose that you have identified the possible

suppliers of sodium hydroxide and have determined that one of them (the XYZ Company)

will provide it at the lowest cost, and in various concentrations as shown in Table 6.1.

Table 6.1 Available NaOH Solutions from the XYZ Company

Preparation Concentration Preparation Concentration

A 5.0 mM K 30.0 mM

B 7.5 L 32.5

C 10.0 M 35.0

D 12.5 N 37.5

E 15.0 O 40.0

F 17.5 P 42.5

G 20.0 Q 45.0

H 22.5 R 47.5

I 25.0 S 50.0

J 27.5 T 52.5

In the table, the concentration of NaOH is given in units of milli-molar (10−3 M, abbre-

viated mM). Furthermore, the company tells us that the purchase price follows the price

formula:

$/L = 0.0058(cNaOH)1.4 + 0.017 (6.1)

where cNaOH is the concentration of the NaOH in units of mM. In those same units, the

concentration of the acid (cHCl) is 14.0 mM (see Chapter 3).

We know that pumping the NaOH solution will cost something for the electricity to

operate the pump. Let’s suppose we determine that for higher (≥ 13mM) NaOH concen-

trations, a chemically inert tank and pump must be used in the delivery system to avoid

chemical reaction between the NaOH and the metal, and that pump will be more expensive

to operate. Finally, let’s suppose that a relatively simple pumping cost analysis tells us that

the NaOH pumping cost is

85
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$0.173/L for cNaOH < 13mM

$0.194/L for cNaOH ≥ 13mM

where the discontinuous nature of this function is due to the need to switch to the chemi-

cally inert tank and pump when cNaOH is 13 mM or higher.

We would like to find the total cost for various possible NaOH concentrations so that

we can find the concentration that produces the minimum total cost:

1. Select the specific NaOH concentrations for which calculations will be performed

(in this case, the concentrations provided by the XYZ Company – see Table 6.1).

2. Determine the needed NaOH flow rate from a material balance. In Chapter 5, we

applied the material balances to our problem of acid neutralization and derived the

relation (Equation 5.16)

V̇NaOH solution =
cHClV̇HCl solution

cNaOH

(6.2)

where the expressions cNaOH and cHCl refer to the molar concentrations of NaOH

and HCl, respectively, and V̇NaOH solution and V̇HCl solution refer to the volumetric flow

rates (volume per hour) of NaOH and HCl (from Chapter 3, the HCl flow rate is

11,600 L/hr).

3. Determine the purchase cost of the NaOH solution by determining the purchase

price per liter from the price formula given above and then multiplying this price

by the volumetric flow rate of NaOH just calculated.

4. Calculate the NaOH pumping cost by determining which pumping cost rate applies

for the NaOH concentration being evaluated. This cost rate must also be multiplied

by the required flow rate of NaOH.

5. Determine the total cost by adding the purchase cost of the NaOH to the pumping

cost.

From your experience, you may think of several possible strategies for performing this

series of calculations. Let’s explore a few of them.

• Hand-written calculation sheet: One obvious strategy would be simply to use a

calculator to perform the computations and to record the results on a piece of pa-

per. Various NaOH concentrations could be organized in a column on the paper,

and then intermediate and final values could be calculated and recorded in separate

columns (Figure 6.1). The advantage of this method is that one can easily see how

the calculated values are affected by the independent variable (NaOH concentra-

tion, in this case). However, this work is tedious and must be redone each time a

parameter changes.

• Algebraic cost function: The fact that we are looking for a minimum may have

suggested to you that you use calculus to find that minimum. This would require

that you derive an algebraic expression for the total cost as a function of the NaOH

concentration. You would then take the derivative of that function, set the derivative

equal to 0, and solve for the value of the independent variable. In cases in which

this method can be used, it produces an analytic solution that can be evaluated for

any values of the independent variables. However, this method does not work as

well for the problem at hand, because we are dealing with a function that does not

change smoothly but is discontinuous (takes a sudden jump in value), due to the

discontinuous nature of the pumping cost.
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Figure 6.1 Example of a hand-written calculation sheet to record the results of engineering

calculations

• Computer program: You may have had experience writing computer programs in

a language like Visual Basic, or C++ and may now recognize that such a program

could be written to perform the calculations described above. This would involve

writing commands that cause the computer to input the needed information, make

the necessary calculations, and output the results to a file, screen, or printer. The

resulting program would allow you to vary the values of the input parameters or to

extend the calculation to varying conditions. However, the process of writing the

computer program can be somewhat involved and time-consuming. For example,

one time-consuming aspect would be to have the program display of all of the in-

termediate results so that you could have a clear picture of the various contributions

to the overall results.

• Spreadsheet: Spreadsheets are computerized versions of the hand-written calcula-

tion sheets. Furthermore, they perform the calculations, display the results, and can

be constructed much more quickly and easily than the hand-written version. Inter-

mediate and final values are easily determined and displayed using mathematical

relationships constructed by the user for each row or column of numbers. Spread-
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sheet programs also include the capability to display the numbers graphically. Ad-

ditionally, the spreadsheet can be set up so that values are instantly recalculated

and replotted when one of the input values is changed. For all of these reasons, the

spreadsheet is a popular and frequently used tool for practicing engineers.

6.2 SETTING UP A SPREADSHEET

In this section, we will talk about the characteristics of a spreadsheet and how to

begin using one. The spreadsheet we will use as an example is Microsoft Excel, but other

spreadsheets are also available. All spreadsheets are operated in a fashion that is similar

to that of Excel, but the operating procedures and instruction sets will differ with each

spreadsheet program.

Excel has online instructions that explain how to use the program that are accessible

from the Help menu (F1). In particular, the training courses designed to help you get to

know Excel are useful for beginners. You are encouraged to access that material and prac-

tice using the procedures described there. The discussion that follows will build upon the

information in those instructions.

A spreadsheet is basically a grid made up of columns, designated by a letter, and rows,

designated by a number. Each square or cell in the grid has a unique address consisting

of the column and the row labels (e.g., G9 is the cell in Column G and Row 9). You can

enter numbers, text, or formulas into each cell of the spreadsheet. Importantly, spreadsheet

programs have autofill features that allow you to easily populate the cells. A table of cal-

culations such as that shown in Figure 6.1 can easily be created with this autofill feature,

as will be demonstrated in this chapter.

Some of the symbols and syntax for entering formulas into Excel in order to perform

a wide variety of mathematical operations are shown in Table 6.2. For the first five op-

erations in the table, an “order of operation” is listed, indicating that in a mathematical

expression containing more than one of these operations, the raising to a power would

be performed first, followed by multiplication and division, with addition and subtraction

operations performed last. For example, if we wanted to compute a value from the equation

x =
53.7

√
117

− 14.9

and wanted to place the results of that calculation (i.e., the value of x) into a particular cell

in Excel, we would enter into that cell the formula

= 5∧3.7/SQRT(117)−14.9

This formula begins with an “equals” sign to tell Excel that what follows is an executable

formula.

In the formula just given, Excel would perform the exponentiation before the division

and would not place the square root in the exponent (see Note 2 in Table 6.2, describing

the order of operations). It would also perform the division before the subtraction. Use

parentheses to avoid ambiguous functions such as

cos(1.93)2.6
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Table 6.2 Some Selected Intrinsic Functions in Microsoft Excel

Order of Operation

x∧y raises x to the y power 1

x*y multiplies x and y 2

x/y divides x by y 2

x+y adds x and y 3

x-y subtracts y from x 3

SIN(x) sine of angle x (in radians)

COS(x) cosine of angle x (in radians)

TAN(x) tangent of angle x (in radians)

ASIN(x) arc sine of x (resultant angle is given in radians)

ACOS(x) arc cosine of x (resultant angle is given in radians)

ATAN(x) arc tangent of x (resultant angle is given in radians)

PI() returns the value of pi

ABS(x) absolute value of x

EXP(x) ex

INT(x) integer value of x (rounding down to the nearest integer)

LN(x) natural logarithm of x

LOG10(x) base-10 logarithm of x

SQRT(x) square root of x

MAX(a:b) maximum of values in cells in the array a:b

MIN(a:b) minimum of values in cells in the array a:b

SUM(a:b) summation of values in cells in the array a:b

AVERAGE(a:b) average of values in cells in the array a:b

STDEV(a:b) standard deviation of values in cells in the array a:b

(assumes data represent a sample of a larger population)

VAR(a:b) variance of values in cells in the array a:b (assumes

data represent a sample of a larger population)

IF(expr1,expr2,expr3) places expression 2 or expression 3 in the cell, depending upon

whether expression 1 is true or false

◦ expression 1 is a logical relation such as: x > y (greater than)

x < y (less than)

x >= y (greater than or equal)

x <= y (less than or equal)

◦ expressions 2 and 3 may be text (in quotes), a number, or a

formula to be extracted

Notes:

1. The arguments x and y can be numbers or addresses of cells in which the numbers are found.

2. In a formula containing more than one math operation (addition, subtraction, multiplication,

division, exponentiation), the computer will compute the exponentiations first, then the mul-

tiplications and divisions (in order from left to right), and then the additions and subtractions

(in order from left to right). If an operation is to be performed on an argument that is the

result of other operations, e.g., [20.6 + 13·4.2]1.7 or sin(16.8/1.23), the argument will be

computed first.

3. Scientific notation: To enter 2.0 × 1016, type 2.0E+16
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which could mean either of the following two functions:

Algebraic expression Excel expression

cos
[

(1.93)2.6
]

COS(1.93∧2.6)

[cos(1.93)]2.6 (COS(1.93))∧2.6)

In Excel, we can also write algebraic functions where the numeric values in those

functions are the contents of cells. In the example just presented, we might construct the

formula

=A7∧F14/SQRT(B7)−H9

where A7, F14, B7, and H9 are cells containing the values to be used in the formula.

6.2.1 Setting up the Spreadsheet for the Acid-Neutralization Problem

The description that follows will be best understood by performing these steps on a

computer while reading about them. You should also know that one of the reading questions

at the end of this chapter requires the construction and submission of the spreadsheet being

described here.

Let’s begin constructing the spreadsheet for our problem by entering some headings.

In the following, you will use the spreadsheet text-formatting tools, which are accessed

in various ways depending on the version of Excel you are using (e.g., under the “Home”

toolbar near the top of the screen, the formatting toolbar near the top of the screen, or a

“Format” pull-down menu at the top of the screen). In cell C1, let’s enter an overall title

“NaOH Costs” and change it to Bold style using the Bold tool in the text-formatting tools.

Notice that the title is larger than the cell, but since nothing is entered into the adjacent

cell to the right, the title is allowed to overflow into that adjacent cell. Let’s also put the

headings for the columns in cells A2 through F2. Finally, we’ll enter the appropriate units

below each heading (in cells A3 through F3). Using the hand-written calculation sheet (Fig.

6.1) as a guide, we’ll choose the labels and units shown in Figure 6.2. You probably noticed

that, unless told otherwise, Excel left-justifies text (positions text along the left edge of the

cell), so you may want to center these headings in the cells by selecting the cells and then

using the “Alignment” item or the center-justify tool, both found in the text-formatting

tools.

To improve the appearance of the spreadsheet, you will want to adjust some column

widths. You can do this by selecting each of those columns (by clicking the “letter” for

that column in the shaded “header” row) and using the “Column Width...” item under the

“Format” menu or icon (depending on the version of Excel) or by pointing with the mouse

at the edge of the header for the column (where the “letter” for the column is indicated)

and “dragging” the edge of the column to make it wider or narrower. For example, you

may want to set the widths of columns A through L as indicated in Table 6.3 (you’ll see

later why these were selected). The type of lettering (called the “Font”) and size of that

lettering also affect how well the type fits into the cells; you will want to choose a fairly

compact combination of those features, such as 10-point Times New Roman font, or 10-

point Calibri font.
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A B C D E F

Conc. Flow Price Cost Pmp Cost Tot Cost
(mM) (L/hr) ($/L) ($/hr) ($/hr) ($/hr)

1
2
3
4
5

NaOH Costs

Figure 6.2 The calculation headings

Table 6.3 Column Widths for the Worksheet

column width column width

A 4 G 1

B 6 H 12

C 6 I 5

D 7 J 3

E 7 K 1

F 7 L 4

NaOH Concentrations (Column A):

Now let’s enter the available concentrations of sodium hydroxide in column A. In cell

A5, we’ll enter the lowest concentration (5.0). We’ll also set the number format to display

one digit to the right of the decimal point by using the “Increase Decimal” button on the

“Home” toolbar or formatting toolbar (depending on Excel version).

We could type in each of the other NaOH concentrations, starting with cell A6, but

there is a much easier way. The available concentrations increase in increments of 2.5 mM

(Table 6.1), so we can use a formula. First, we select cell A6 and type the formula

=A5+2.5

Don’t forget to click on the “enter” button on the screen (the one with the check mark)

or to press the Enter key on the keyboard. Now we select cell A6 and use the autofill feature

to copy the equation into cells A7 through A24 by dragging the “handle” (the small box that

shows up in the lower right hand corner when you select cell A6) from A6 through A24.

Excel should have entered all of the concentrations. You will notice that a new formula was

entered into each cell from A7 to A24; you can view each formula by clicking on each cell

and reading the contents of the formula bar. Notice also that all the formulas are similar,

except that the “Autofill” function incremented the address in the formula by one row each

time it moved to the next row.

Let’s also display the given values of the HCl concentration and flow rate, the NaOH

price formula, and the NaOH pumping cost in the spreadsheet. This will not only allow us

to refer to them easily but will allow us to base our calculations on values that can easily be

changed if necessary. Enter the information in columns H through L, as shown in Figure

6.3.

In cells H6 through L6, the information was entered in a way that suggests a formula

to the observer. While Excel only recognizes those items as separate words and numbers

in individual cells, this format makes it easy for you to keep track of the values and rela-

tionships and to retrieve them for your calculations.
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A B C D E F G H I J K L

Conc. Flow Price Cost Pmp Cost Tot Cost
(mM) (L/hr) ($/L) ($/hr) ($/hr) ($/hr)

HCl flow (L/hr) =
HCl conc (mM) =

NaOH cost ($/L) =

Pumping cost ($/L) =
C<13 mM
C>=13 mM

1
2
3
4
5
6
7
8
9

10
11

11600
14

0.0058 *C^ 1.4 .017+

.173

.194

5.0
7.5

10.0
12.5
15.0
17.5
20.0

NaOH Costs

Figure 6.3 Spreadsheet with the NaOH concentrations, the adjusted columns, and the given data for HCl flow, HCl concentra-

tion, NaOH cost, and pumping costs

NaOH Flow rate (Column B):

In column B, using Equation 6.2 from the previous section, we will calculate the NaOH

flow rate required for each NaOH concentration we might purchase. Thus, repeating Equa-

tion 6.2, we want to calculate

V̇NaOH solution =
cHClV̇HCl solution

cNaOH

(6.2)

This is done by entering the right-hand side of this equation, beginning with the “=” sign

and replacing the variables with the corresponding cell addresses. In this formula, I3 rep-

resents the cell in which the concentration of HCl is found, I2 is where the HCl flow rate

is found, and A5 is where the NaOH concentration is found. The resulting formula is

=I3*I2/A5

The value 32480 appears in the cell. We could have entered this formula even faster by

clicking on each cell that we want entered into the formula (i.e., by typing “=” and then

clicking on cell I3, then typing “*”, then clicking on cell I2, then typing “/”, and finally

clicking on cell A5).

If we were to perform the “AutoFill” function for cells B5 through B24 (by pulling the

“handle” on cell B5 down to B24), something would not work correctly (try it and see).

That’s because the AutoFill feature would increment every address in the formula found in

cell B5, and the formulas would be as follows in the cells:

cell formula

B5 =I3*I2/A5

B6 =I4*I3/A6

B7 =I5*I4/A7

B8 =I6*I5/A8

etc. etc.

Obviously, we don’t want to increment the cell addresses I2 and I3 where the acid
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flow rate and concentration are found. To prevent this incorrect incrementing, we can “fix”

those addresses in the formula in cell B5 by typing a dollar sign ($) in front of the number

in those addresses, so the address reads

=I$3*I$2/A5

The dollar sign tells Excel not to increment the row number that follows the dollar sign.

We could also put a dollar sign in front of the letter “I” to prevent the incrementing of

the column letter, but it is not needed since we are not copying the equation to a different

column.

Notice that we didn’t place a dollar sign in front of the number in the reference to cell

A5, because we want the row number of the NaOH concentration to be incremented. That

is, we want the NaOH flow rate calculated in cell B6 to use the NaOH concentration in cell

A6, and so forth. Now when we perform the AutoFill operation from cell B5 to B24, the

correct numbers will be calculated. You will also want to set the format of those numbers

by selecting them and using the “comma style” buttons and “decrease decimal” button

in the text-formatting tools so that the numbers are displayed with commas to separate

thousands and with no numbers to the right of the decimal place.

NaOH Price (Column C):

Column C will contain the prices for each concentration of NaOH according to the

price formula provided by the company, which is

$ /L = 0.0058C1.4 + 0.017

where C is in units of mM. To calculate the cost in column C, build the following formula

in cell C5:

=H$6*A5∧J$6+L$6

where the references to H$6, J$6, and L$6 retrieve the values in the cost formula on the

spreadsheet, and the dollar signs prevent those reference row numbers from being incre-

mented when the AutoFill function is used. Now AutoFill the formula from C5 to C24 and

change the format of the numbers to one that shows a dollar sign before each number and

carries the value three places to the right of the decimal place.

NaOH Purchase Cost (Column D):

The purchase cost of the NaOH is simply calculated by multiplying the purchase price

per liter (column C) by the number of liters per hour (column B). In cell D5, enter the

formula

=B5*C5

and fill down to D24. Again, the numbers may be formatted to show a dollar sign and no

numbers to the right of the decimal place and a comma when the number equals 1,000 or

larger.
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NaOH Pumping Cost (Column E):

We have already learned that the cost of pumping the NaOH will depend on the NaOH

concentration, and we’ve entered this cost relationship into the spreadsheet where we can

see it. To use this relationship, enter the following formula into cell E5:

=IF(A5<13,I$9*B5,I$10*B5)

Translated, this means, IF the value in cell A5 (the NaOH concentration) is less than 13

mM, enter into cell E5 the product of the contents of cell I9 ($/L for C < 13mM) and the

contents of cell B5 (L/hr), but IF NOT, then enter into cell E5 the product of I10 ($/L

for C ≥ 13mM) and B5. We now AutoFill this column from E5 to E24 and set the format

similar to that of column D.

Total Cost (Column F):

The last step is to simply sum the purchase cost (column D) and pumping cost (column

E). In cell F5, enter the formula

=D5+E5

and fill down and format column F similar to columns D and E. Column F now contains

the calculated total cost of the NaOH for the various concentrations of NaOH available.

The final version should look like Figure 6.4. This spreadsheet has several very useful

advantages over the hand-written calculation sheet. One of these is that a change in any of

the given values can be easily accommodated. To illustrate, suppose we learn that the HCl

flow rate really should have been 12,100 L/hr instead of 11,600 L/hr. By simply entering

the corrected value of 12,100 L/hr into cell I2, all of the calculations instantly adjust to

give results based on this new value. Try this and see.

Another useful feature is the ability to print these important calculations. Excel allows

the user to print the whole sheet using the “Print” icon or the “Print” command under the

“File” menu. You may also print selected portions of the spreadsheet by highlighting the

section to be printed (by dragging the mouse from the top left corner to the bottom right

corner of that selection) and indicating in the print window of the “Print” command that

only the “Selection” is to be printed. Alternately, one can set the print area by entering the

formula for the area to be printed (e.g. A1:L24) in the “Print Area” box of the “Sheet”

window under the “Page Setup” command (under the “File” menu).

Examination of the values in column F reveals that the total cost is a minimum value

when the NaOH concentration is 25.0 mM. However, we can better see this relationship by

plotting the values in column F against the values in column A. The next section will show

us how to do that.
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A B C D E F G H I J K L

Conc. Flow Price Cost Pmp Cost Tot Cost
(mM) (L/hr) ($/L) ($/hr) ($/hr) ($/hr)

HCl flow (L/hr) =
HCl conc (mM) =

NaOH cost ($/L) =

Pumping cost ($/L) =
C<13 mM
C>=13 mM

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

11600
14

0.0058 *C^ 1.4 .017+

.173

.194

5.0
7.5

10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0
42.5
45.0
47.5
50.0
52.5

32,480 
21,653 
16,240 
12,992 
10,827 

9,280 
8,120 
7,218 
6,496 
5,905 
5,413 
4,997 
4,640 
4,331 
4,060 
3,821 
3,609 
3,419 
3,248 
3,093 

$.072 
$.114 
$.163 
$.216 
$.274 
$.336 
$.401 
$.470 
$.542 
$.617 
$.695 
$.776 
$.859 
$.944 

$1.032 
$1.122 
$1.214 
$1.308 
$1.404 
$1.502 

$2,345 
$2,477 
$2,642 
$2,808 
$2,967 
$3,117 
$3,260 
$3,395 
$3,524 
$3,646 
$3,764 
$3,876 
$3,984 
$4,088 
$4,188 
$4,286 
$4,380 
$4,471 
$4,559 
$4,645 

$5,619 
$3,746 
$2,810 
$2,248 
$2,100 
$1,800 
$1,575 
$1,400 
$1,260 
$1,146 
$1,050 

$969 
$900 
$840 
$788 
$741 
$700 
$663 
$630 
$600 

$7,964 
$6,223 
$5,452 
$5,055 
$5,067 
$4,918 
$4,835 
$4,796 
$4,784 
$4,792 
$4,814 
$4,845 
$4,884 
$4,928 
$4,976 
$5,027 
$5,080 
$5,134 
$5,189 
$5,245 

NaOH Costs

Figure 6.4 The final version of the calculation spreadsheet

6.3 GRAPHING

Engineers must not only be competent in technical analysis, but they must also be ef-

fective salespeople. This is because engineering almost always requires that we convince

others of the correctness of our analyses and decisions. Those other people include our

colleagues, who will be affected by the decisions made, and our bosses, who will provide

the financial and personnel support to implement our decisions. The information we must

communicate is often complex, so we must be able to convey that information quickly

and effectively. One of the most valuable tools in that communication is graphical repre-

sentation of data. This section will illustrate the usefulness of graphical representation by

applying it to the acid-neutralization problem.

The results that we calculated using a spreadsheet in the previous section led us to a

conclusion about the optimum concentration of NaOH to purchase. By careful examination

of column F of the spreadsheet we have created, we recognize that the total cost exhibits a

minimum as a function of NaOH concentration, and we can identify the NaOH concentra-

tion where that minimum occurs. However, if we are trying to convince an audience of our

decision, we would rather not force that audience to spend time examining a table of num-

bers. Instead, a graph of the total cost versus the concentration of purchased NaOH would

help the audience quickly recognize that a minimum occurs at a certain concentration.

One of the advantages of a spreadsheet program like Microsoft Excel is that it includes

many sophisticated graphing features. For example, Figure 6.5 shows some types of graphs

available in most versions of Microsoft Excel. Furthermore, such spreadsheets can produce
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graphs that are directly linked to the data in the spreadsheet, so that the graph automatically

changes if some of the data are changed.

Column

Bar

Line

Pie

Scatter

Area

Doughnut

Radar

Surface

Bubble

Figure 6.5 Some types of graphs available in most versions of Microsoft Excel

The procedure for creating a graph will vary from one program to another and can be

learned from the tutorial or instruction material for the program being used. For illustration

purposes, Table 6.4 describes the steps for constructing a graph using Excel, although the

sequence of steps reflected in the steps may apply to other spreadsheet programs.

Our objective is to plot the results of the calculations in order to arrive at an engineer-

ing decision about the optimum concentration of NaOH to use. As we noted in the previous

section, the lowest total cost occurs at an NaOH concentration of 25.0 mM. The chart (Fig-

ure 6.6) makes it easier to see that minimum and also to see that it is not a sharp minimum,

i.e., to see that any of the concentrations in the range of 20 to 30 mM produce roughly

the same total cost. Therefore, we will try to purchase the 25.0 mM solution, but we will

monitor other variables and will be willing to purchase any of the other concentrations in

the 20-30 mM range if needed (e.g., if 25 mM becomes unavailable).

NaOH 
Total 
Cost

$8,000

$7,000

$6,000

$5,000

$4,000

NaOH Conc. (mM)
0.0 10.0 20.0 30.0 40.0 50.0 60.0

Figure 6.6 Chart of total cost versus NaOH concentration
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Table 6.4 Procedure For Creating a Graph using Excel in Microsoft Office

1. Highlight the two columns of data to be plotted. If those two columns of numbers are contigu-

ous (adjacent to each other), you can simply drag the mouse from the top of the left-hand column

to the bottom of the right-hand column while holding down the mouse button. If the columns are

not contiguous, such as in the case of our spreadsheet where we want to plot column A against

column F, first highlight (drag the mouse over) the numbers in one of the columns and release

the mouse button and then hold down the control key (or the “apple” key if using a Macintosh)

on the keyboard while repeating the process for the second column of numbers.

2. Open the chart tool. This tool is given different names and presented differently in different

versions of Microsoft Excel. In some versions, the chart features are available on the “Insert”

toolbar.

3. Select the type of graph. The tool will present various graph types similar to those shown in

Figure 6.5. It is important to know that only the “Scatter” type (“XY Scatter” in older versions)

plots both the x-axis and the y-axis as scalable numbers. The other types treat the x-axis as a

series of non-quantitative entities (e.g. January, February, etc., or Western Region, Southern Re-

gion, etc.). Select the type of graph you want (again, you will usually want the Scatter type).

4. Select the variation of graph type. When a specific graph type is selected, Excel presents avail-

able variations of that graph type, such as representing the data with symbols only, with symbols

and connecting lines, and so on. Select the variation that you want.

5. Customize your graph. The chart tool will allow you to customize various features of the graph,

including Titles, Axes, Gridlines, Data Labels, and Legend preferences. The method for select-

ing and customizing each of these varies with the version of Excel being used. In newer versions,

“Chart Tools” show up once the graph type has been selected, and the graph can be customized

using the “Design,” “Layout,” and “Format” tabs. In some older versions, the easiest way to

make the changes is within a toolbox that can be opened from the toolbar along the top of the

window.

6. Position your graph. Some versions of Excel ask whether you want the chart as an object in the

current worksheet or in a separate worksheet. The default in many versions is to put the chart as

an object in the current worksheet, although the “Move Chart” option can be used to change the

location. The graph can be moved around either worksheet by dragging with the mouse.

To understand the power of preparing the graph using a spreadsheet, you should rec-

ognize that the chart responds to the numerical values in the cells and will automatically

change when those values are changed. For example, if the cost function needed to be up-

dated or corrected, simply correcting the values in cells H6, J6, and L6 would immediately

result in the recalculation of the values in the other cells and the replotting of the chart to

reflect those changes.

Let’s conclude this chapter by adding the results of our calculations thus far to a stream

table for the process flow diagram for our process. First, assuming that our dilute streams

have the same density as water, we convert the flow rates and concentrations from our

spreadsheets into mass flow rates for each chemical species.

HCl stream:

HCl: 14 mM×11,600 L/hr = 162 gmol/hr×36.48 g/gmol = 5924 g/hr ≈ 6 kg/hr

total stream: 11,600 L/hr×1.00 kg/L = 11,600 kg/hr

water: 11,600 - 6 kg/hr = 11,594 kg/hr
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NaOH stream:

NaOH: 25 mM×6,496 L/hr = 162 gmol/hr×40.00 g/gmol = 6,496 g/hr ≈ 6 kg/hr

total stream: 6,496 L/hr×1.00 kg/L = 6,496 kg/hr

water: 6,496 - 6 kg/hr = 6,490 kg/hr

The resulting flowsheet and stream table are as presented in Figure 6.7:

HCl tank

NaOH tank

HCl from 
Manufacturing 
Process

Neutralization 
Reactor

To Disposal

A
1

2
3

Flows kg/h 

Stream 
 
 
 

Line no. 
 
Component 

1 
Acid  
feed 

2 
Base  
feed 

3 
Reactor  
outlet 

HCl 

NaOH 

H2O 

Total 

6 

 

11594 

11600 

 

6 

6490 

6496 

 

 

18096 

18096 

 
ABC Chemical Co. 

Acid neutralization 

1x108 L/yr 

Sheet no. 1 

Dwg by            Date 

Checked           1 Sep.2010 

Figure 6.7 Process flow diagram with stream table

READING QUESTIONS

1. Produce the spreadsheet in Figure 6.4 by following the steps

outlined in the reading and turn in the results.

2. What was the advantage of entering the given information

about the HCl concentration and flow rate, the NaOH price for-

mula, and the NaOH pumping cost in their own cells rather

than simply building that information into the formulas in other

cells?

3. What was the advantage of using the formula =I$3*I$2/A5

rather than =I3*I2/A5 when preparing formulas for all the cells?

4 Produce the chart in Figure 6.6 by following the appropriate

steps (e.g., those in Table 6.4).
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HOMEWORK PROBLEMS

1. Write the Excel expression for performing the calculation

indicated by each of the following algebraic expressions:

a. [15.1 tan(0.71)]4.3

b.

√

A9 + G27

C21
where A9, G27, and C21 are cell addresses

c.
21.3eD7

F19
+ 3.85 where D7 and F19 are cell addresses

2. Use a spreadsheet to estimate the accumulation in your re-

tirement account during 20 years of your career as a chemical

engineer. Turn in the spreadsheet along with the answers to the

questions posed below. Also turn in a version with the formulas

displayed (using the Ctrl-∼ command). Further, use the follow-

ing estimations (this simple approach is approximate, but use-

ful):

a. Have the spreadsheet display the following as input val-

ues that can be changed:

·a starting salary per year put in $75,000

·an average annual raise (%) put in 5%

·projected % interest earned per year put in 8%

·% saved for retirement per year put in 6%

b. Compute your salary for each year, which will be the

previous year’s salary plus the average raise.

c. Compute the balance in your retirement account each

year, which will be the previous year’s balance plus in-

terest earned on that balance plus the fraction of the cur-

rent year’s salary saved.

d. How much is in your retirement account at the end of

20 years? How much does it change if you save 10%

instead of 6%? There is a lesson to be learned from this

problem, which is that you should save some of your

income every year.

e. While saving 6%, how much is in your retirement ac-

count at the end of 20 years if you are very successful

and rise to very responsible positions, causing your av-

erage raises to be 10% instead of 5%?

Hint: Treat the salary as though it gets paid all at once at the end

of each year.

3. You will remember from your chemistry classes that under

the appropriate conditions, gases obey the “Perfect Gas Law” or

“Ideal Gas Law:”

PV = nRT

where P =pressure of the gas

V =volume of the gas

n =number of moles of the gas

R =Universal Gas Constant (some useful values given

in the front of the book)

T =absolute temperature (e.g., in Kelvin) of the gas

Construct a spreadsheet to graph the volume of 1.0 gmol of a

ideal gas at 0◦C (273 K) as a function of the pressure. Your

graph should show the volume in Liters on the vertical axis and

pressure (for a range of 1 to 2 atm with at least 10 intermediate

values) on the horizontal axis. Turn in the spreadsheet and the

graph.

4. Construct an Excel spreadsheet to help make cylindrical

containers by drilling out aluminum cylinders

L

D

t

t

The constraints:

• The drilled-out volume must be 85 cm3.

• A minimum wall and bottom thickness of 0.4 cm must

be allowed for strength.

Other information:

• The cost of aluminum is $.025/cm3 (applied to the vol-

ume before drilling).

• The drilling cost is

$0.13×L + $0.34×D for D < 3cm

$0.13×L + $0.41×D for D ≥ 3cm

where L and D are the length and diameter of the drilled

hole (in cm), respectively.

Objectives: Find the cost for various possible dimensions, and

find the minimum cost.

Construct your spreadsheet so that each numerical value given

above is displayed in a cell on the spreadsheet, and so that chang-

ing any one of those values will automatically change all calcu-

lations accordingly.

Also have Excel graph the total cost of the part as a function of

the drilled diameter (use a diameter range of 2.0 - 5.0 cm.

Turn your spreadsheet and graph based on the given values (with

your formulas also indicated).
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Chapter 7

Fluid Flow
(Bringing the Base to the Acid)

7.1 WHAT IS A FLUID?

We have determined that we want to purchase some NaOH and add it to the HCl. Our

next challenge is to provide a way to bring the NaOH in contact with the HCl. We will

probably store the NaOH in a tank, and more NaOH will be added to the tank from time to

time as we purchase additional amounts. But how do we bring the NaOH in contact with

the HCl? The answer is that we will need to make the NaOH flow in a pipe to a location

where that contact will occur. This chapter deals with some fundamental principles about

making fluids flow, and with how those principles will help us with the problem at hand.

We usually group fluids into gases and liquids. Gases are characterized as loosely-

associated molecules that are normally not close together and that travel through space for

long distances (many times larger than the molecular diameter) before colliding with each

other. The velocity of their travel depends on the temperature of the gas. Liquids, on the

other hand, are characterized by molecules that are very close together (on the same order

as their molecular diameter) and that are in collision with each other very frequently as

they move around each other. The velocity of that motion and the rate of that collision

depend on the temperature of the liquid. This picture of the molecular dynamics of gases

and liquids supports the observation discussed in Chapter 4 that the densities of gases are

much smaller than those of liquids.

In the acid-neutralization problem, the important fluids (NaOH and HCl solutions)

are liquids. How do we move the NaOH solution at flow rates that can be adjusted and

controlled in order to be appropriate for the flow rates of the HCl solution leaving our

company’s process? Is the task easier when the tank of NaOH is full than when it is only

half full? To answer these questions and design an appropriate system for neutralizing the

HCl, we need to introduce some principles of fluids and of fluid motion. As a foundation

for that discussion, we need first to review the concept of “pressure.”

7.2 THE CONCEPT OF PRESSURE

Many of you have been introduced to the concept of “pressure” in a chemistry class

where you learned about the ideal gas law that relates pressure, volume, and temperature

(PV = nRT ). What is pressure and how does it relate to flow?

To begin answering these questions, first consider a particular volume of fluid that

is surrounded by a boundary. As you may recall, a fluid consists of molecules that are

free to move about to one extent or another, and can thus be distinguished from a solid,

wherein molecular motion is much more restricted. The molecules that make up the fluid

will exert a force on the surrounding boundary. The pressure of the fluid is defined as the

total force (exerted on the boundary by the fluid molecules) divided by the surface area of

101
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the boundary it is acting upon. In other words, pressure is force per area.

In gases, pressure is caused by the kinetic energy of the molecules as they collide with

the boundary and is related to the frequency and force of the collisions. Increasing the tem-

perature of a gas will increase the pressure, as predicted by the ideal gas law, by increasing

the velocity of the gas molecules and thus the frequency and force of molecular collisions.

Similarly, decreasing the volume of a gas without changing the number of molecules will

decrease the average distance between molecules and cause the frequency of molecular

collisions to increase, which will, again, increase the pressure, as predicted by the ideal

gas law.

The situation is different for liquids, in which molecular movement is over shorter

distances because of the close proximity of the molecules. In fact, the molecules are so

close that any attempt to squeeze them more tightly together causes them to push back in

order to avoid getting any closer. This “pushing back” or repulsive force, is the principal

cause of pressure in liquids. Because this repulsive force is quite strong, pressure changes

in liquids are accompanied by only small changes in volume. Consequently, the number of

molecules per volume changes very little with pressure for liquids, and we can assume that

the density of a liquid is constant over a wide range of pressures. This is not true for the

density of a gas, which changes significantly with pressure.

Let’s begin with some important definitions, which are represented graphically in Fig-

ure 7.1:

Definitions Related to

Expressing the
Pressure of a Fluid

Atmospheric Pressure: the pressure exerted by the air around us

Absolute Pressure: the pressure exerted by the fluid of interest relative to zero pres-

sure (which is a perfect vacuum)

Gauge Pressure: the pressure of the fluid of interest relative to atmospheric pres-

sure

P = 0 (perfect vacuum)

atmospheric pressure

fluid pressure

in
cr

ea
si

ng
 p

re
ss

ur
e gauge pressure 

of the fluid
absolute pressure 

of the fluid

Figure 7.1. Graphical representation of several ways to express the pressure of a fluid

From the above definitions and Figure 7.1, the following relationship is evident:

Gauge pressure = Absolute pressure – Atmospheric pressure (7.1)

You will recognize that since “atmospheric pressure” acts on all objects exposed to the
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atmosphere, a pressure “gauge” will measure the difference between the pressure of the

fluid of interest and that of the atmosphere – hence, gauge pressure. Thus, where a fluid is

open to the atmosphere, the gauge will indicate a pressure equal to 0.

Pressure has units of force per area; common units for pressure are listed in Table 7.1.

Table 7.1 Some Common Units of Pressure

Unit Name Abbreviation Quantity in 1 Atmosphere

pounds (lb f ) per square inch psi 14.7

Pascals Pa 101,300

atmospheres atm 1.0

millimeters of Mercury mmHg 760

We usually designate whether a pressure is being expressed in absolute or gauge pressure

by adding “(abs)” or “(gauge)” at the end of the units – for example, 935 mm Hg (abs). In

the special case of pressure expressed in psi (pounds force per square inch), the letter “a”

or “g” is added to designate absolute or gauge, thus psia or psig.

EXAMPLE 7.1 A man pumps up his automobile tire until the tire gauge reads 34.0 psi. If the atmospheric pressure

in his community is 14.2 psia, what is the absolute pressure of the air in the tire?

SOLUTION The tire gauge reading is relative to the atmosphere, so the tire pressure is really 34.0 psig. Rearrang-

ing Equation 7.1,

Absolute pressure = Gauge pressure + Atmospheric pressure

= 34.0 psig + 14.2 psia = 48.2 psia

Up to this point in the section, we have defined pressure and discussed the units needed

to express the pressure quantitatively. How does pressure relate to flow? The answer to this

question is that, in the absence of other forces, fluids tend to flow from regions of high

pressure to regions where the pressure is lower. Therefore, pressure differences provide

a driving force for fluid flow. This can be illustrated with a couple of simple examples

from everyday life. When a tire is punctured, air flows out of the high-pressure tire to

the atmosphere, which is at low pressure. Pumping up your “super soaker” squirt gun

pressurizes the liquid holding tank, and pulling the trigger opens a valve that allows the

liquid to flow from the high-pressure tank to the atmosphere. What other examples can

you think of? All these examples illustrate that pressure can be used to make fluids flow.

Shortly we will consider quantitative relationships between pressure and flow. How-

ever, let’s first examine pressure variations in stagnant, or non-flowing, fluids.

7.3 NON-FLOWING FLUIDS

We have suggested that our NaOH delivery system will contain a tank in which the

NaOH will be stored. If a pipe is connected to the side of the tank near the bottom (Figure

7.2), our intuition tells us that NaOH will indeed flow out of the tank through the pipe. One

of the factors that will determine the flow rate is the pressure at the bottom of the tank.
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NaOH

Tank Pipe

Figure 7.2 A storage tank and exit pipe containing NaOH

Suppose that our tank filled with NaOH also has a valve preventing flow through the

exit pipe (i.e., the fluid is stagnant). We can examine the values of the pressure at two

different locations in the tank – say, at the top and the bottom of the NaOH solution, which

are at elevations z1 and z2, respectively (Figure 7.3), where z increases as we move upward

in the vertical direction.

z1

Valve

z2

1

2

Figure 7.3. Defining the locations for comparison in a stagnant tank

Referring to Figure 7.3, would you expect the pressure at location 2 to be greater or

less than at location 1? (Do your ears feel the pressure increase, or decrease, as you swim

deeper under water?) Your experience tells you that the pressure at location 2 is greater than

at location 1. This is true because at any depth of fluid, the pressure is a result of the weight

of the fluid above it acting downward. At greater depths, more fluid acts downward. For

fluids for which the density does not change very much with pressure (this is particularly

true of liquids), that pressure difference can be calculated from the following equation:

Stagnant Liquids P2 − P1 = ρg(z1 − z2) (7.2)

where ρ is the density of the fluid and g is the gravitational acceleration. Equation 7.2 is

a well-known relation describing the pressure in stagnant (non-flowing) liquids. Note the

order of the subscripts in Equation 7.2; greater depths for location 2 (greater values of

z1 − z2) produce higher pressures at location 2. Equation 7.2 is not restricted to use at just

the top and bottom of a tank, but is applicable to any two vertical positions in the liquid.

EXAMPLE 7.2 For the tank depicted in Figure 7.3, if the height of the NaOH solution is 8 ft (2.44 m), what is the

pressure at the bottom of the tank? Assume that the density of the NaOH solution is the same as

that of water (62.4 lbm/ft3 = 1000 kg/m3). Perform the calculation both in American units and metric

units.

SOLUTION The strategy is to write in the values for the symbols in Equation 7.2:

American units:

P2 − P1 =

(

62.4
lbm

f t3

)(

32.2
f t

s2

)

(8 f t) = 16,074
lbm

f t s2

(continued on the next page)
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EXAMPLE 7.2

(continued)

We have performed the calculation suggested by Equation 7.2, but the answer doesn’t have units

that we commonly use for pressure (e.g., lb f /in2 or psi). The solution to this problem is to use the

conversion factor that comes from the definition of a pound-force and that was introduced in Chapter

4:
32.2 lbm f t

s2 lb f

or, inversely,
1 lb f s2

32.2 lbm f t

(see Example 4.2 for one illustration of how to use this conversion factor). We can now use this

conversion factor to express the pressure in more familiar units.

P2 − P1 = 16,074
lbm

f t s2

(

1 lb f s2

32.2 lbm f t

)

(

1 f t2

144 in2

)

= 3.47
lb f

in2
= 3.47 psi

Since P1 = 0 psig, then P2 = 3.47 psig (=18.47 psia if Patm = 14.70 psi)

Metric units:

P2 − P1 =

(

1000
kg

m3

)

(

9.8
m

s2

)

(2.4m) = 23,912
kg

ms2

Once again, we use the conversion factor from the definition of a Newton,

1N s2

1kgm
or, inversely,

1kgm

1N s2

introduced in Chapter 4 (see Example 4.3 for an illustration of its use) and complete the calculation:

P2 − P1 = 23,912
kg

ms2

(

1N s2

1kgm

)

= 23,912
N

m2
= 23,912Pa

Again, P1 = 0 Pa (gauge), so P2 = 23,912 Pa (gauge)

Notice that this example illustrates that the pressure at the bottom of a column of liquid

is greater than the pressure at the top, just as Equation 7.2 predicts. This is why a swimmer

feels pressure on the ears at the bottom of a swimming pool. Since the pressure at the top

of the liquid is atmospheric pressure (the same as the surrounding air), the pressure at the

bottom is greater than atmospheric pressure. In fact, Equation 7.2 suggests that the pressure

will increase linearly with depth.

EXAMPLE 7.3 By what fraction will the pressure at the bottom of a tank decrease if the tank is drained to reduce the

height of its liquid contents by 35%?

SOLUTION Since, for this case, location 1 is at the top of the liquid and is at atmospheric pressure, Equation 7.2

can be rewritten as

Gauge Pressure at the Bottom = ρ ·g ·depth

Therefore, decreasing the depth by 35% will reduce the pressure at the bottom by 35% as well.

From this discussion and the examples, you should recognize that Equation 7.2 is the

important relation for problems involving stagnant liquids. For such problems, you should

be able to use Equation 7.2 to determine an unknown pressure or height as required.
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7.4 PRINCIPLES OF FLUID FLOW

In most cases of fluid flow of interest to chemical engineers, the fluid flows near a

solid boundary (e.g., a pipe wall). In such situations, the velocity right next to the boundary

can be considered to be 0 (the fluid is stationary). In other words, the molecules of fluid

closest to the wall “stick” to the wall. Further away, the fluid flows slowly; still further

away, the fluid flows at its maximum velocity. Hence, the velocity is not uniform (i.e.,

the value changes) across a fluid channel. For the common case of a circular pipe with a

particular kind of flow called “laminar flow,” we represent the varying velocity as shown in

Figure 7.4, where the length of each arrow represents the magnitude of the velocity at that

location. The envelope along the tips of the arrows describes the distribution of velocities,

or the velocity profile.

Figure 7.4. Velocities of a fluid in laminar flow through a circular pipe

Since the velocity varies with position within a flowing stream, it is convenient to

speak of an average velocity, vavg. The expression that relates vavg to the cross-sectional

area of flow (Acs) of a stream and the volumetric flow rate of that stream is

V̇ = vavgAcs (7.3)

This relationship can be seen intuitively by imagining an element of fluid moving with a

velocity vavg through a cross-sectional area Acs (Figure 7.5); in a unit of time, the fluid

“sweeps” out a volume equal to the product given in Equation 7.3.

Volume Swept Out

vavg
Acs

Figure 7.5. Graphical representation of Equation 7.3

Multiplying Equation 7.3 by the density of the fluid gives

ρV̇ = ṁ = ρvavgAcs (7.4)

One implication of Equation 7.4 can be seen with the help of Figure 7.6 in which horizontal

and downward-inclined sections of pipe are depicted, both carrying a liquid. Considering
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the horizontal pipe, a mass balance tells us that the mass flow rate into the pipe (loca-

tion 1) must equal the mass flow rate out (location 2), i.e., ṁ1 = ṁ2 or ρ1vavg,1Acs,1 =
ρ2vavg,2Acs,2. Furthermore, since a liquid is incompressible (constant density) and the pipe

has a constant cross-sectional area, Equation 7.4 tells us that the average velocity must

also be the same at 2 as at 1 (vavg,1 = vavg,2). Considering the downward-inclined pipe,

you might be tempted to think that the liquid should “accelerate” (flow faster) as it pro-

ceeds in the downhill direction, but all of the arguments made for the horizontal pipe apply

here as well, and the average velocity at 2 must equal the velocity at 1. Therefore, the aver-

age velocity of a liquid in steady flow through a constant-diameter pipe must be the same

everywhere along the length of the pipe, even when the flow is uphill or downhill.

1 2

a b

1

2

Figure 7.6 Flow of a liquid through (a) horizontal and (b) downward-inclined sections of pipe

An important property of a fluid relating to its motion is its mechanical energy. For

conditions of steady-state, and where changes in density are not important (incompressible

flow), the following equation applies:

(

P

ρ
+ 1

2 αv2
avg + gz

)

out

−
(

P

ρ
+ 1

2 αv2
avg + gz

)

in

= ws − w f (7.5)

The additive terms in the equation are all in units of energy per mass of fluid, but they

represent different phenomena. Individually, the terms in Equation 7.5 represent important

physical characteristics of the flow, as follows:

Kinetic energy: As a fluid moves from one location to another, that translational

motion can be described by the average velocity. As taught in standard first-year

physics classes, the energy associated with that motion is also the amount of en-

ergy (or work) per volume of fluid needed to cause the fluid to accelerate from a

stationary state to that average velocity and is

K.E. = 1
2 m
(

v2
)

avg
or K.E. per mass = 1

2

(

v2
)

avg
(7.6a)

where
(

v2
)

avg
is the average value of the square of the velocity. However, it is often

more convenient to calculate (vavg)
2 (or simply written v2

avg), because vavg is related

to the flow rate. But v2
avg is not the same as

(

v2
)

avg
; to use v2

avg in place of
(

v2
)

avg
,

we introduce a correction factor, α:

K.E. = 1
2 αmv2

avg or K.E. per mass = 1
2 αv2

avg (7.6b)
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where α for the particular flow is the conversion factor from v2
avg to

(

v2
)

avg
. For

many cases, α can be assumed to equal 1.0; for now, you should make this assump-

tion unless instructed to do otherwise.

Potential energy: In the earth’s gravitational field, an object or a fluid at any elevation

can “fall” to a lower elevation and can give up energy (and do “work”) in the process

(for example, think of falling water turning a paddle wheel). Similarly, energy (or

“work”) is required to raise a fluid to a higher elevation. Again, first-year physics

classes teach that the potential energy associated with a particular elevation is

P.E. = mgz or P.E. per mass = gz (7.7)

Here, g is the gravitational acceleration and has units of acceleration (for example,

cm/s2), and the value of g was given in Table 4.3 in several selections of units. Also,

by definition, z increases as we move upward in the vertical direction and is the

height of the fluid relative to some defined (but arbitrary) reference height, so its

value depends on the reference we select. This should not be a concern, however,

since we will always be concerned with changes in energy, which will be indepen-

dent of the reference height we select.

Energy associated with pressure (P/ρ): As will be shown in Chapter 10, the term

P/ρ actually comes from a form of work called “flow work,” but it is useful to think

of it as a way of storing mechanical energy. As fluid flows, some of its kinetic or

potential energy can be used to do work on the fluid in a way that increases the fluid

pressure and decreases the kinetic or potential energy. The environment can also

do work on the fluid to increase its pressure. In such cases, fluid pressure can be

thought of as a way of storing energy in a flowing fluid. Similarly, that energy can

be recovered as the fluid does work on itself to increase kinetic or potential energy,

or it can do work on its environment; in all these cases, the pressure decreases. Note

that the units of pressure are force/area – the same as energy/volume. Therefore,

P/ρ has units of energy per mass. However, for pressures expressed in lb f /in2 (psi),

you will need to use the conversion factor from the definition of a pound-force to

convert from psi to more conventional units of energy (see the reminder of this con-

version factor in the solution of Example 7.2).

Work (ws): This kind of work is called “shaft work” because it takes place through

mechanical devices where a shaft is turned. The fluid EITHER does work on its

environment OR has work done on it by the environment. Fluids do work on their

environment through devices such as turbines. For example, large dams are usually

built with large turbines that are turned by the water exiting at the bottom of the

dam. The work done by the water as it turns the turbines decreases the energy of

the water. Fluids have work done on them by their environment when pumps are

used to increase the energy of those fluids. For example, pumps are used to lift

water out of natural wells and to move it through piping systems toward various

destinations, which increases the mechanical energy of the water. In Equation 7.5,

the value of ws will be positive when work is done on the fluid (e.g., by a pump)

and will be negative when the fluid does work on its environment (e.g., in a turbine).

Friction (w f ): The flow of a fluid produces frictional effects in the fluid as the fluid

molecules flow past other fluid molecules or past the solid boundaries. These fric-
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tional effects decrease the mechanical energy of the fluid by converting it to heat.

The term w f represents the work that must be added to the system to overcome

the friction, or alternatively, the energy that was lost to friction. The value of w f is

always positive.

A useful way to think of Equation 7.5 is that for steady-state systems, the amount of energy

gained by the fluid (per mass of fluid) equals the amount of work done on the fluid (per

mass of fluid) minus the energy lost to friction. Equation 7.5 actually applies to any two

locations in a continuous fluid stream. This leads us to a more general way of writing the

mechanical energy equation for steady-state incompressible flow:

NOTICE

IMPORTANT 
EQUATION

Mechanical

Energy

Equation

for Steady-State

Incompressible

Flow

(

P

ρ
+ 1

2 αv2
avg + gz

)

2

−
(

P

ρ
+ 1

2 αv2
avg + gz

)

1

= ws − w f (7.8a)

which can be rewritten as

P2 − P1

ρ
+ 1

2

(

α2v2
2,avg − α1v2

1,avg

)

+ g(z2 − z1) = ws − w f (7.8b)

where 1 and 2 represent any two reference points in the same body of fluid, replacing the

more restrictive “in” and “out” in Equation 7.5. Nevertheless, where flow is occurring,

location 1 is upstream of location 2. Furthermore, the terms ws and w f refer to the shaft

work and friction that occur between locations 1 and 2.

Equation 7.8 is widely used for determining the steady-state flow behavior of an in-

compressible fluid. As will be shown, it can be used to predict the pressure changes in

a given flow system, or to determine how much work a pump must provide to achieve a

certain flow rate in a system, and it can be helpful in designing a meter to measure the flow

rate by monitoring the pressure variation in a pipe with varying diameter. Now let’s apply

this equation to some cases involving flowing fluids.

7.4.1 Special Case: No Friction or Shaft Work

For the special case of flowing fluid where fluid friction can be considered negligi-

ble and where no shaft work is occurring, the mechanical energy equation (Equation 7.8)

reduces to

(

P

ρ
+ 1

2 αv2
avg + gz

)

2

−
(

P

ρ
+ 1

2 αv2
avg + gz

)

1

= 0 (7.9a)

or

P2 − P1

ρ
+ 1

2

(

α2v2
2,avg − α1v2

1,avg

)

+ g(z2 − z1) = 0 (7.9b)

Equations 7.9a and 7.9b are forms of the Bernoulli equation, named after Daniel Bernoulli,

an eighteenth-century scientist/mathematician who helped develop the concepts and solu-

tions related to these equations.
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The Bernoulli equation is useful because it helps us see that mechanical energy can be

converted from one form to another. For example, when a tank of compressed gas at high

pressure is opened, the gas exits the tank very rapidly. In this case, the energy associated

with the pressure in the tank is converted to kinetic energy in the exiting gas stream.

• What conversions of energy are evident as water shoots vertically upward from a

broken sprinkler, reaches a maximum height, and falls back downward?

• Can you think of other examples of this kind of fluid energy conversion?

In addition to qualitatively describing the conversion of mechanical energy from one

form to another, Equations 7.9a and 7.9b comprise an important tool for quantitative cal-

culations, as the following example illustrates.

EXAMPLE 7.4 Octane (density = 44.1 lbm/ft3) flows downward in a vertical tube at a velocity of 9.9 in/s. At a

certain location, the pressure is known to be 1.60 psig. Just below that point, the diameter of the tube

is reduced by one-half, and the velocity becomes 39.6 in/s. What is the pressure in the reduced section

at a distance 3 in below the point where the pressure is known? All values of α can be assumed to

equal 1.0, and friction can be ignored.

SOLUTION Let’s select the point where the pressure is known as location 1 and the point where we want to know

the pressure as location 2 (remembering that 1 must be upstream and 2 must be downstream). The

diagram for this system becomes

1

44.1 lbm/ft3 

9.9 in/s 

1.60 psig 

3 in 

P=?

39.6 in/s 
2

Rearranging Equation 7.9b and inserting the appropriate values:

P2 − P1 = 1
2 ρ
(

v2
1,avg − v2

2,avg

)

+ ρg(z1 − z2)

= 1
2

(

44.1
lbm

f t3

)

[

(

9.9
in

s

)2

−
(

39.6
in

s

)2
](

1 lb f s2

32.2 lbm f t

)

(

1 f t

12 in

)4

+

(

44.1
lbm

f t3

)(

32.2
f t

s2

)

(3 in)

(

1 lb f s2

32.2 lbm f t

)

(

1 f t

12 in

)3

= −0.0486
lb f

in2
+ 0.0766

lb f

in2
= 0.028 psi

Note that P2 −P1 is the same whether P1 and P2 are both gauge or both absolute pressure. Since we

know P1 in psig, P2 will also be in psig:

P2 = P1 + 0.028 psi = 1.60 psig + 0.028 psi = 1.63 psig

Notice in this example that all of the terms that were to be added (subtracted) had to

be in the same units (lb f /in
2), so conversion factors (including the conversion factor

relating pound-mass to pound-force – see Example 7.2) were used for that purpose.



7.4 Principles of Fluid Flow 111

This example gives us the opportunity to discuss what happens when the area (i.e.,

diameter) of a pipe changes from A1 to A2 (either as an expansion or contraction). Because

the mass flow rate doesn’t change, Equation 7.4 suggests that

ṁ = ρ1A1vavg,1 = ρ2A2vavg,2 (7.10)

Now, let’s repeat Example 7.4 but where the mass flow rate is given, rather than ve-

locities.

EXAMPLE 7.5 Octane (density = 44.1 lbm/ft3) flows downward in a tube (inside diameter = 0.7 in) at a mass flow rate

of 5.83 lbm/min. At a certain location, the pressure is known to be 1.60 psig. Just below that point,

the diameter of the tube is reduced by one-half (inside diameter = 0.35 in). What is the pressure in

the reduced section 3 in below the original location where the pressure is known? Again, all values

of α can be assumed to equal 1.0, and friction can be ignored.

SOLUTION As with Example 7.4, let’s select the original point where the pressure is known as location 1 and the

point where we want to know the pressure as location 2. The diagram for this system becomes:

1

44.1 lbm/ft3 

5.83 lbm/min 

1.60 psig 

3 in 

P=? diameter = 0.35 in 2

diameter = 0.7 in 

Now, utilizing (and rearranging) Equation 7.10,

vavg,1 =
ṁ

ρA1
=

4ṁ

ρπ d2
1

and vavg,2 =
ṁ

ρA2
=

4ṁ

ρπ d2
2

Combining these equations with Equation 7.9b (rearranged):

P2 − P1 = 1
2 ρ
(

v2
1,avg − v2

2,avg

)

+ ρg(z1 − z2)

=
8ṁ2

π2ρ

(

1

d4
1

− 1

d4
2

)

+ ρg(z1 − z2)

8
(

5.83 lbm
min

)2

π2

(

44.1 lbm

f t3

)

[

1

(0.7 in)4
− 1

(0.35 in)4

]

(

1 lb f s2

32.2 lbm f t

)

(

12 in

1 f t

)2(
1min

60s

)2

+

(

44.1
lbm

f t3

)(

32.2
f t

s2

)

(3 in)

(

1 lb f s2

32.2 lbm f t

)

(

1 f t

12 in

)3

= −0.0486
lb f

in2
+ 0.0766

lb f

in2
= 0.028 psi

Therefore, P2 = P1 + 0.028 psi = 1.60 psig + 0.028 psi = 1.63 psig
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7.4.2 Generalized Solution Procedure

Examples 7.4 and 7.5 not only illustrate how to solve problems with negligible friction

and shaft work, but they also provide examples of how to use the mechanical energy equa-

tion to solve problems in general. At this point, it would be useful to construct a formal

list of recommended steps for using the mechanical energy equation. That list is provided

in the following highlighted box, with additional clarification from Figure 7.7 regarding

some convenient reference locations.

!

IMPORTANT
SUMMARY!

Steps for Using the
Mechanical Energy

Equation

1. Select the two reference locations 1 and 2. They should be locations where

something is already known or where information is desired. For example, at the

top of a liquid or where a fluid jet enters the atmosphere, the pressure is known to

be atmospheric pressure, so those locations are good places to select the reference

locations (Figure 7.7). Also, where velocities are small (like the top of the liquid

in a large tank), the velocity can be assumed to be 0. If a particular location

is where we want information (such as the pressure or velocity or height), that

would also be a good place to select as a reference location, because it will then

appear in the equation.

When there is friction or shaft work, it is particularly important to assign 1 to

the upstream or inlet side and 2 to the downstream or outlet side. If the direction

of flow is not known, guess a direction for the flow. If the guess is wrong, the

friction will turn out to be a negative number (which is impossible) or the work

term will have the sign opposite that which is expected.

In all manipulations of the equation, keep careful track of the subscripts 1 and

2 to avoid confusion. Remember, for each of the reference locations, the pressure,

velocity, and elevation must apply to exactly the same location.

Warning! The pressure in a liquid at the bottom of a tank cannot be determined

by Equation 7.2 when the liquid is flowing, because the flow alters the pressure.

Thus, the pressure at the bottom of a tank is unknown in this situation.

2. Eliminate terms that are known to equal 0. Depending on the details of the

problem, a velocity, height, or pressure (gauge) could be considered 0.

3. Determine the other velocities for expansions and contractions. Using Equa-

tion 7.10, the velocities at various diameters can be determined.

4. Solve for the unknown value. The most useful method of proceeding is to solve

for the unknown value algebraically (using the symbols of the other parameters)

before inserting numbers for those known parameters. This often avoids doing

unnecessary work, and the algebraic solution often provides additional insight.

1

2

Figure 7.7 Possible reference locations where the pressure equals atmospheric pressure
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7.4.3 The Effects of Fluid Friction

One of the most frequent applications of flowing fluids is the transporting of fluids

through cylindrical pipes. Using the mechanical energy equation, we can explore the role

of pressure in such flow. From Equation 7.8, we see that a difference in pressure between

two locations can be associated with flow between those locations. In fact, in a horizontal

pipeline, the pressure difference is the driving force for flow and is necessary to overcome

the friction associated with the flow. Let’s illustrate that idea in Example 7.6:

EXAMPLE 7.6 How are the inlet and outlet pressures related in a horizontal pipe of constant diameter?

SOLUTION First, select the entrance and exit of the pipe as locations 1 and 2, respectively.

1 2

For a horizontal pipe, z1 = z2 (i.e., the potential energy does not change).

For constant diameter, v1,avg = v2,avg (i.e., the kinetic energy does not change).

With no moving parts, ws = 0.

Thus, the mechanical energy equation becomes

P2 − P1

ρ
= −w f or

P1 − P2

ρ
= w f

Rearranging:

P1 = P2 + ρw f

Thus, we discover a principle of fluid motion:

NOTICE

IMPORTANT 
MESSAGE

In steady flow through a constant-diameter horizontal pipe, fluid flows through the

pipe because the pressure is higher at the inlet end than at the outlet end, and, for

constant fluid density, that difference in pressure divided by the density is equal to the

friction produced by the flow.

EXAMPLE 7.7 In the case depicted in Example 7.6 where the fluid is water, what value of the friction per mass of

fluid (w f ) is necessary to cause a decrease in pressure equal to

a. 10 psi (answer in Btu/lbm)?

b. 68,900 Pa (answer in J/kg)? (remember, 1 Pa = 1 kg/ms2)

SOLUTION In this case, it is useful to use the first form of the equation from Example 7.6:

a.

w f =

(

10 lb f /in2

62.4 lbm/ f t3

)

(

1BTU

778.1 f t lb f

)(

144
in2

f t2

)

= 0.030
BTU

lbm

b.

w f =

(

68,900kg/ms2

1000kg/m3

)(

1J s2

1kgm2

)

= 68.9
J

kg
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What causes friction in flowing fluid? Friction results from (1) fluid flowing past solid

boundaries and (2) from fluid flowing past other fluid. Thus, we can expect that higher

velocities, longer flow paths, and larger bounding surface areas (per volume of fluid) will

produce greater overall friction, since all of these factors will increase fluid-solid interac-

tions and fluid-fluid interactions. Since smaller pipe diameters result in higher velocities

and higher surface areas per volume of fluid, a factor most influential in pipe flow (for a

given flow rate) is the pipe diameter; the smaller the diameter, the faster the pressure falls.

Those who have done household plumbing know that 3/4-in pipe allows for water to arrive

at house fixtures at much higher pressure than does 1/2-in pipe. The rate of pressure “drop”

also depends on the flow rate; obviously, higher flow rates produce higher velocities and

higher friction.

So far in this chapter, we have discussed the fact that we would store the purchased

NaOH in a tank. We also established that when the top of a liquid in a tank is at atmospheric

pressure, the pressure at the bottom of a tank is greater than atmospheric pressure, and we

learned how to calculate that pressure when the liquid is stagnant. When the liquid is not

stagnant but is flowing out of the tank, the pressure at the bottom of the tank is not the

same as in a stagnant tank. However, it can still be high enough to cause the liquid to flow

out of the tank through an outlet pipe, which is consistent with our realization that pressure

differences cause flow through horizontal pipes. Thus, we could allow that pressure at the

bottom of our NaOH tank to be the sole method of causing that NaOH solution to flow to

where the HCl is. But there are some drawbacks to using this method of delivery in our

process. Can you think of one or two drawbacks?

7.4.4 Pumps Are Used to Provide a Consistent Flow

We just proposed one method of delivering the NaOH solution from the tank to the

process – namely, to rely on the higher pressure at the bottom of the NaOH tank to drive

flow through the exit pipe from the tank. However, the pressure at the bottom depends on

the liquid depth. Hence, the flow rate would also depend on how much NaOH solution is

in the tank at the moment, and that level is expected to vary widely over time. We will

probably fill the tank periodically as shipments arrive from the supplier (for example, by

railroad car). Between shipments, the level in the tank will drop steadily. Therefore, the

flow rate would tend to vary significantly unless we use some method of restricting that

flow to offset these variations in level (such as constantly adjusting the exit valve).

A second drawback to using the pressure at the tank bottom to produce NaOH flow

is that we could not achieve higher flow rates than produced by the current pressure at the

bottom of the tank. This could be a problem, for example, if a high NaOH flow rate was

needed while the tank was low, or if a higher flow rate was needed than could be provided

even by a full tank.

It appears that we need a way to produce flow of the NaOH solution that doesn’t

depend on the level in the NaOH tank – we need a pump! We also need some pipe to

convey the flow produced by the pump. The next section discusses some characteristics of

the more common types of pumps, as well as how the mechanical energy equation can be

used to predict the performance when a pump is included in the system.
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7.5 PUMPS AND TURBINES

7.5.1 Pumps

Pumps are mechanical devices that move liquids. There are also devices (fans, blowers,

and compressors) that move gases, but we won’t talk about them here. Pumps move liquids

by generating a high pressure at the pump outlet, which pushes the liquid into the outlet

pipe. Let’s see how a pump affects the pressures in a pipe.

EXAMPLE 7.8 What is the relationship between the inlet and outlet pressures in a horizontal pipe of constant diam-

eter when a pump is providing flow?

SOLUTION Selecting the entrance and exit of the pipe as locations 1 and 2, respectively,

1 2Pump

For a horizontal pipe, z1 = z2.

For constant diameter, v1,avg = v2,avg.

Now, the mechanical energy equation becomes

P2 − P1

ρ
= ws − w f

Rearranging:

P2 = P1 + ρws − ρw f

Since the shaft work being done on the liquid is coming only from the work being delivered by the

pump, ws = wpump,

P2 = P1 + ρwpump − ρw f

The solution found in Example 7.8 suggests that the outlet pressure is greater than the

inlet pressure because of the work of the pump. Indeed, that’s what pumps do – provide an

increase in pressure. In the solution, we recognized that ws in the equation is defined such

that it has a positive value when work is done on the fluid by its environment, so ws can be

replaced by the work of the pump on the fluid (wpump) since it represents the same thing.

The solution also suggests that the increase in pressure produced by the pump is decreased

to some extent by the effects of friction.

Pumps are usually grouped into two categories: centrifugal pumps and positive-

displacement pumps, as discussed below.

Centrifugal pumps use the centrifugal force from a spinning disc-like “impeller” to

produce liquid flow (Figure 7.8). The liquid enters the pump at 90◦ to the plane of the

impeller and at the impeller center. The raised vanes on the impeller help to accelerate

the liquid to the same speed as that of the impeller, which also forces the liquid to the

collecting area around the periphery of the impeller and to the pump outlet. This type of

pump can produce high flow rates, but because there is space between the impeller and

the surrounding casing, this pump also allows significant liquid “slippage” (circulating

flow inside the casing without entering the outlet). Thus, centrifugal pumps don’t produce

extremely high pressures; in fact, the outlet line can be closed completely without great

danger to the pump or to other equipment.
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Inlet

Outlet

Spinning Impeller

Outer Casing

Side View of ImpellerInlet View of a Centrifugal Pump

Collecting 
Area

Figure 7.8 Schematic diagrams of a typical centrifugal pump and impeller

Positive-displacement pumps come in many varieties, but they all rely on mechanical

parts to directly push the liquid. For example, one type of positive-displacement pump

employs a piston that moves inside a cylinder, while inlet and outlet valves control the

direction of liquid movement through the pump (Figure 7.9a). Another type employs a

screw on a turning shaft to push liquids through a cylinder (Figure 7.9b). A third example

of positive-displacement pumps, one that produces low flow, is a peristaltic pump, which

uses a roller to squeeze a section of flexible tubing that contains the liquid (Figure 7.9c).

In contrast with centrifugal pumps, positive-displacement pumps can generate extremely

high pressures.

Piston-Cylinder Screw-Type
b

Peristaltic Pump
a c

Figure 7.9 Some common types of positive-displacement pumps

As mentioned above, the answer to our problem of controlling the NaOH flow rate

includes the use of a pump. In other words, we should place a pump at the outlet of the

NaOH tank and a pipe leading from the pump outlet to the reactor (Figure 7.10). It seems

reasonable to assume that the pump will provide a flow rate that doesn’t depend so much

on the level of NaOH solution in the tank.

Let’s take our problem a bit further – how does a pump provide flow through a pipe?

We have already recognized that a pump boosts the pressure of the liquid to some high

value at the pump outlet. Suppose that the tank in Figure 7.10 was open to the atmosphere,

so that the liquid in the tank plus the effect of the pump would produce a pressure at the

pump outlet that was significantly above atmospheric pressure. Suppose further that the

pipe was open to the atmosphere at the exit end instead of entering the reactor. This means

that the liquid leaving the pipe and entering the air would be at atmospheric pressure. In
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this case, the pressure of the liquid would decrease from some high value at the pump

outlet to atmospheric pressure at the pipe exit! This situation is explored in Example 7.9.

Neutralization 
ReactorTank

Pipe

NaOH

Pump

Figure 7.10 Using a pump to provide high flow rates independent of NaOH liquid level

EXAMPLE 7.9 If the height of the NaOH solution in the tank is H, how much work must the pump do to deliver the

NaOH solution just to the reactor shown in Figure 7.10 (i.e., as though the exit end of the pipe was

open to the atmosphere)?

SOLUTION We’ll select the top of the solution in the tank as location 1 and the pipe exit as location 2 (we’ll do

this because we know the pressures at these two locations).

Tank

Pipe
NaOH

Pump

1 2
H

For the open tank and pipe outlet, P1 = P2 = Patm = 0 (gauge).

For a large tank, v1,avg ≈ 0.

Thus, the mechanical energy equation becomes

gz2 + 1
2 αv2

2,avg − gz1 = ws − w f

Recalling the definition of wpump and rearranging,

wpump = ws = w f + 1
2 αv2

2,avg − g(z1 − z2)

or

wpump = w f + 1
2 αv2

2,avg − gH

The final solution of Example 7.9 provides an important insight into the need for

a pump. Examination of each of the terms in that solution shows that the work of the

pump is needed to overcome friction and to provide kinetic energy, and that the pump

requirements are offset by the available fluid height that assists with the flow; this agrees

with our physical understanding. You should typically examine algebraic solutions such as

the one above to determine whether the solution is consistent with physical arguments.

The “work” term in the mechanical energy equation (Equations 7.5 and 7.8), ws, is

actually “work” per mass of fluid. However, the desired work is often more conveniently

expressed as work per time, or power. Power can be found from the ws term and the mass
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flow rate:

Power =
work

time
=
(mass

time

)

(

work

mass

)

= ṁws = ρV̇ws (7.11)

To complete our brief description of pumps, we should note that we have discussed and

calculated the energy or work delivered by a pump to a liquid stream. But we sometimes

need to know how much energy is actually needed to operate the pump – for example,

the electrical energy drawn by the motor of an electric pump or the fuel energy to run the

internal combustion engine of an engine-driven pump. The power to operate the pump will

be greater than the amount delivered to the fluid because of energy losses from such things

as mechanical friction in the pump parts and fluid friction in the pumping chambers. We

define the “efficiency” of a pump as

Pump Efficiency =
Power delivered to the fluid

Power to operate the pump
(7.12)

The efficiency as defined in Equation 7.12 is always less than 1.0 (i.e., <100%) for real

systems. Typical values for the efficiency of a centrifugal pump range from 70% to 90%.

From the above description of the role of pumps, it seems that for our problem of

delivering NaOH and HCl to a reactor, pumps should be placed at the outlets of the tanks

containing the NaOH and HCl as shown in Figure 7.11.

HCl Tank

NaOH Tank

HCl from 
Manufacturing 
Process

Neutralization 
Reactor

To Disposal

A
1

2
3

Flows kg/h 

Stream 
 
 
 

Line no. 
 
Component 

1 
Acid  
feed 

2 
Base  
feed 

3 
Reactor  
outlet 

HCl 

NaOH 

H2O 

Total 

6 

 

11594 

11600 

 

6 

6490 

6496 

 

 

18096 

18096 

 
ABC Chemical Co. 

Acid neutralization 

1x108 L/yr 

Sheet no. 1 

Dwg by            Date 

Checked           1 Sep.2010 

Figure 7.11 Process flow diagram for the acid neutralization process, including pumps
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SAFETY NOTES

Managing Pump

Pressures

The use of pumps is always associated with concerns of safety, because inadver-

tent blocking of pump outlet flows can lead to the generation of unsafe pressures.

This concern is real even with complex control systems in place, because human er-

ror and equipment failure can still result in a valve being closed downstream of an

operating pump. The resulting high pressures can cause the rupture of pipes or ves-

sels leading to the release (sometimes as an explosion) of toxic chemicals, thus en-

dangering life and the environment. Such concerns are particularly appropriate with

the use of positive-placement pumps, which are capable of generating extremely high

pressures when their outlet flow is blocked, but the risk is not totally absent even with

centrifugal pumps.

To prevent danger to people and to the environment from the release of toxic flu-

ids, deliberate rupture sites are designed into pipe/vessel systems. Those sites include

relief valves or rupture discs that open before catastrophic pressures are reached and

release fluid into safe containment areas. Chemical engineers are often called upon

to identify possible danger scenarios in fluid systems and to specify the locations and

activation pressures for relief valves or rupture discs to respond to every foreseeable

failure scenario.

7.5.2 Turbines

Turbines are like pumps operating in reverse in the sense that fluids do work on the

turbine to rotate a shaft. In turn, the rotating shaft moves mechanical equipment to perform

work or to turn a generator to produce electricity. Turbines vary greatly in design. For gases,

turbines look most like propellers or multiple propellers in series. For liquids, turbines look

more like centrifugal pumps operating in reverse or, in some cases, like paddle wheels. In

all cases, the shaft work term ws will have a negative value, and the work delivered by the

fluid to the turbine, wturbine, will equal −ws.

EXAMPLE 7.10 A dam holds a reservoir of water that drives a turbine-powered generator to provide hydroelectric

power. Water flows from a pipe in the bottom of the dam (220 f t below the top of the water) through

the turbine at a rate of 1650 lbm/s and then empties out of the turbine outlet pipe into the river below.

Dam
200 ft

Turbine

Reservoir

How much horsepower can the turbine theoretically produce? (For this problem, assume that the

effects of friction and kinetic energy can be neglected.)

SOLUTION We’ll select the top of the reservoir and the turbine pipe outlet as locations 1 and 2, respectively (why

did we choose those locations?). We will then solve the mechanical energy equation for ws:

ws = g(z2 − z1) =

(

32.2 f t

s2

)

(−200 f t)

(

1s2 lb f

32.2 lbm f t

)

(

1hp s

550 f t lb f

)

= −0.364
hp s

lbm

(continued on the next page)
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EXAMPLE 7.10

(continued)

so,

wturbine = −ws = 0.364
hp s

lbm

Power =

(

0.364hp s

lbm

)(

1650 lbm

s

)

= 600hp

Example 7.10 illustrates how to determine the power that can be extracted from a fluid

using a perfect turbine. However, because of inefficiencies (friction losses, mechanical

inefficiencies, etc.), the actual power delivered by the turbine is smaller than that value. We

define the “efficiency” of a turbine as

Turbine Efficiency =
Power delivered by the turbine

Power extracted from the fluid
(7.13)

CONCLUDING COMMENTS

You will study the laws of fluid motion in more detail in your more advanced classes.

Among the things you will learn in those classes is how to design piping systems, including

how to predict the friction and associated pressure drop in pipes under various conditions,

and how to select pumps that provide the desired flow rates for piping systems. You will

also learn how to determine the pressures and flow rates needed to obtain a given level of

power from a turbine.

♦ A Humanitarian Application of Fluid Mechanics (plus a lesson about public relations)

The principles of fluid mechanics introduced in this chap-

ter are applied widely in chemical engineering. You will learn

about additional principles and applications in future courses,

but the mechanical energy equation to which you’ve been

introduced here has innumerable applications, including the

design of pipelines to carry liquid streams in a process, the

specification of pump sizes and numbers to carry crude oil

through cross-country pipelines, and the design and imple-

mentation of water systems to deliver culinary water to com-

munities, just to name a few.

A humorous, yet instructive, story not only illustrates the

value of the mechanical energy equation but also provides

a valuable insight into the interface between chemical engi-

neering and the public. A group of engineering faculty and

students from Brigham Young University traveled to a small

village in Peru to set up a pipeline for delivering water to

the people of the village from a collection tank high up a

nearby mountain. The pipeline would be a great help to the

women of the village, who spent many hours and much en-

ergy climbing the mountain several times a day to carry the

water down by hand in large jugs.

The new pipeline was built, including a split of the pipe-

line into two branches to carry water to two sections of the

village. When the village leaders inspected the new system,

they were concerned about the split in the pipeline, because

one branch began its descent to its destination at a steeper

slope than did the other branch. Thus, reasoned the village

leaders, the part of the village receiving water from the branch

with the steeper initial slope would receive a larger flow rate

of water than the other part of the village. The faculty and

students tried to explain that the flow rate would be deter-

mined only by the change in elevation (as predicted by the

mechanical energy equation), which was the same for both

branches. But the villagers could not be persuaded to ignore

the visual impression of the different initial slopes of the

pipes. Finally, to bring peace and harmony to the situation,

the students cut out the section where the pipe split and re-

built it so that both branches began their descent at the same

initial slope. All were finally happy, and the pipeline was a

significant benefit to both sections of the village.
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READING QUESTIONS

1. In terms of molecular spacing, would you expect gases or

liquids to be more compressible? Explain your answer.

2. For a stagnant liquid, how will the pressure at the bottom

compare (greater or lesser) with the pressure at the top? In terms

of physical forces, why do you think this is so?

3. Consider a liquid (constant density) pumped steadily along

a pipe of constant diameter.

a. We know from Chapter 5 that the mass flow rate into

any section of the pipe must equal the mass flow rate out

of that section. What does Equation 7.4 tell us about the

outlet average velocity compared with the inlet average

velocity? Is this answer different if the fluid is flowing

uphill? downhill?

b. If the pipe is horizontal, what happens to the pressure of

the liquid as it is pumped through the pipe? What factor

most strongly affects that phenomenon?

c. If the liquid is pumped up a hill, what is happening to

the potential energy of the liquid? Therefore, will the

numerical value of the work term ws in the mechani-

cal energy equation be positive, or negative? What does

that imply about what the pump does to the energy of

the liquid?

4. What were two drawbacks associated with the idea of using

the pressure at the bottom of the NaOH tank to drive the flow of

NaOH to where it will join the HCl?

5. Which kind of pump, a centrifugal pump or a positive-

displacement pump, would you recommend for use in a home

dishwasher or washing machine? Support your answer.

6. As you tour a chemical-processing facility, you observe

that a piston-cylinder pump moves a toxic heavy oil through

a piping system in that facility. What is the purpose of a rupture

disc surrounded by a concrete “tank” that you observe as part of

that piping system?

HOMEWORK PROBLEMS

1. A pressure-measuring device indicates that the blood pres-

sure of a normal person oscillates between 120 mm Hg (at the

peak of the heartbeat) and 80 mm Hg (between heartbeats). When

the pressure-measuring device is taken off of the person and

used to measure the pressure of the room air, it indicates a value

of 0. For a normal person at sea level (where the air pressure =

1.0 atm),

a. what are the gauge pressures at the peak and between

beats?

b. what are the absolute pressures at the peak and between

beats?

2. If the pressure at a depth of 8 ft below the surface of a

stagnant liquid is 3.5 psi above atmospheric pressure, what will

the pressure of the liquid be at a depth of 48 ft below the surface?

Hint: Write the appropriate equation for both locations and take

the ratio.

3. Two immiscible liquids sit in a closed tank as shown below.

Liquid 1

Pressure = pg (absolute)

L1

Liquid 2

Gas

L2

Density =   1

Density =   2

The gas above the top liquid is at an absolute pressure of pg.

Furthermore, the densities and heights of liquid 1 and liquid 2

are ρ1 and ρ2, and L1 and L2, respectively. In terms of these

given symbols, what is the absolute pressure at the bottom of

the tank?

4. The left side of the mechanical energy equation (Equation

7.8a) has three terms: P/ρ , 1
2 αv2, and gz. Show that each of

these terms has the dimensions of energy per mass of fluid by

a. converting each term to units of Btu/lbm, beginning with

pressure in psi, density in lbm/ft3, velocity in ft/s, and

height in ft

b. converting each term to units of J/kg, beginning with

pressure in Pa, density in kg/m3, velocity in m/s, and

height in m

5. One way to drain a liquid out of a container that has high

walls is to use a siphon: a tube is placed with one end in the

liquid and the other end over the wall of the container as shown

on the next page. The tube is then filled with the liquid (usually

by applying suction to the open end). As long as the elevation

of the open end is lower than that of the top of the liquid, the

liquid will flow out of the tank.

(continued on the next page)
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5. continued

Tube

h

a. Derive an equation for the velocity coming out of the

tube as a function of h. What happens when h ap-

proaches 0? (Assume that friction is negligible and that

the top of the water in the tank is essentially stationary.)

b. What volumetric flow rate will result if h = 7cm and the

tube diameter equals 1 cm?

6. A common medical problem in today’s world is a disease

of the arteries that feed our heart muscle (called “coronary ar-

teries”) that results in narrowing of the arterial diameter and

reduced blood flow to the heart muscle. An interesting addi-

tional effect sometimes occurs when the lower pressure in the

narrowed portion of the artery (caused by the higher velocity

there) results in the collapse of the artery. If that happens, the

blood flow through the artery stops, which allows the pressure

to increase and the artery to reopen, thus setting the stage for the

process to repeat itself. The result is a rapid cycling between an

open and closed condition, known as a “flutter” of the artery.

The following values are typical of a narrowed coronary artery:

Average velocity in the artery entrance: 0.50 m/s

Average velocity in the narrowed portion: 4.50 m/s

Time-averaged pressure at the artery entrance: 100 mm Hg

(gauge)

Density of blood: 1,060 kg/m3

Answer the following questions based on these conditions:

a. At sea level, what is the absolute pressure at the artery

entrance in units of Pa?

b. Neglecting the effects of friction and any height changes,

what absolute pressure (Pa) might be expected in the

narrowed portion of such an artery?

c. What is the value of the answer to (b) in units of mm Hg

(gauge)?

7. A venturi meter is a device placed in a pipeline to allow

for the measurement of flow through that pipeline. As shown in

the following figure, the meter consists of a tapered reduction of

the pipe diameter followed by an expansion back to the original

diameter. Pressure taps in the upstream section and the narrow

neck (called the “throat”) of the meter make it possible to mea-

sure the difference between the pressures at those locations. The

flow rate can be determined from that pressure difference using

methods discussed in this chapter.

Flow 1 2

pressure tappressure tap ∆P

As a summer engineer for the Valuchem Chemical Company,

you are assigned to provide a way to monitor the flow rate of

water (density = 62.4 lbm/ft3) through a 3-in diameter pipe in a

process. You have ordered and installed a venturi meter with a

throat diameter of 1.2 in. Now you need to relate the measured

pressure difference to the flow rate.

a. Use a spreadsheet to predict the performance of the me-

ter. Neglecting friction, have the spreadsheet calculate

the pressure difference (∆P = P1 −P2) in units of psi

for a series of flow rates ranging from 0 to 100 gallons

per minute (GPM) in increments of 5 GPM. Display the

pipe and throat diameters and the fluid density in sepa-

rate cells, so that the values can be changed for different

designs.

b. Have the spreadsheet plot a calibration curve for the

flow meter: plot the flow rate (vertical axis) as a func-

tion of the pressure difference (horizontal axis).

c. The pressure indicator on the venturi meter shows a

pressure difference of 2.75 psi. Use your graph from

(b) to estimate the flow rate of the water.

Turn in your derivation of the function(s) you used in the spread-

sheet along with the spreadsheet and the graph (show on the

graph how you got your answer to (c)).

Hint: Solve the problem entirely by hand for one value of ∆P,

including unit conversions (note: as in Example 7.2, you may

need to convert between units containing lbm and units contain-

ing lb f ). Then construct your spreadsheet.

8. In a hemodialyzer (artificial kidney), blood (density = 1.06

g/cm3) flows through a bundle of hollow fibers, a salt solution

flows around the outside of the fibers, and waste products trans-

fer from the blood through the fiber walls to the solution. A typ-

ical blood flow rate through a hemodialyzer is 350 cm3/min, and

the associated friction of flow is 45,000 cm2/s2. The hemodia-

lyzer is 30 cm long (between the blood inlet and blood outlet),

and the blood inlet tubing and blood outlet tubing have the same

diameter. What is the blood pressure drop (in units of mm Hg)

from inlet to outlet if the hemodialyzer is oriented

a. horizontally (with the blood inlet and blood outlet at the

same height)?

b. vertically, with the blood inlet at the bottom and blood

outlet at the top?

c. vertically, with the blood inlet at the top and blood out-

let at the bottom?
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9. A turbine operates by the impact of a high-velocity jet of

steam against the turbine blades. The steam leaves the turbine

at a lower velocity. For the turbine depicted below, steam from

a high-pressure nozzle enters the air and strikes the blades of a

turbine at an average velocity of vi and leaves the turbine at an

average velocity vo.

Nozzle Turbine
v
i v

o

a. In terms of the given parameters and any others that

may be needed, how much work can be generated by

the turbine? (Friction can be neglected.)

b. If vi = 317 m/s and vo = 126 m/s, what is the amount

of work (in Joules per mass of fluid) represented by the

answer to (a)?

10. A system consisting of a pump and pipeline is being de-

signed to deliver water (density = 62.4 lbm/ft3) from a reservoir

in the mountains down to the city 2800 ft below. The water must

arrive at a water treatment plant in the city at a pressure of 450

psig.

Pump 

2800 ft 

Reservoir 
Pipeline 

P = 450 psig
Treatment 

Plant

The flow rate of water is to be 63.5 gal/s, for which the fric-

tion in the pipeline is estimated to be 4.9 hp s/lbm. How many

horsepower must the pump deliver?

Hints:

1. Power is work/time and can be expressed in units of

horsepower (hp) where 1 hp = 550 ft lb f /s.

2. Assume that the kinetic energy term for flow in the pipe

(e.g., at the entrance to the treatment plant) is small

compared with the other energy terms.

3. Remember that each term in the mechanical energy equa-

tion has units of energy (or work) per mass of fluid,

while power has units of energy (or work) per time.

11. You have been asked to determine the power for a pump

to deliver water (ρwater = 62.4 lbm/ft3) over a hill that is 2500

ft high at its peak to a holding tank on the other side as shown

below. The pipe outlet on the outlet side of the hill is a few feet

below the peak of the hill, but that distance is unknown. The

pipe is 6 in in diameter (inside) and is the same diameter on

both sides of the pump. The pressure of the water entering the

pump inlet pipe is atmospheric pressure (0 psig).

a. Draw a qualitative graph to show how the pressure of

the fluid changes as it flows from the pump inlet to the

point where it enters the tank.

b. If friction is neglected, where is the point of lowest pres-

sure between the pump and the tank?

c. To avoid boiling (cavitation) in the pipe, the system has

been designed so that the lowest pressure in the pipe

is just at (but not below) the vapor pressure of the wa-

ter (which is 17 mm Hg absolute). How much power

must the pump deliver to the water in order to pump

150 gal/min over the hill? You may neglect friction for

this calculation. If the pump efficiency is 78% and the

cost of electrical power is $0.12 per kW-hr (i.e., $0.12

per 1000 W per hour of usage), how much will it cost

to deliver the specified amount of water? (See the hints

#1 and #3 in problem 10, previous.)
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Chapter 8

Mass Transfer
(Mixing the Acid and Base)

Now that we know how to deliver the NaOH to the HCl, we need to mix the NaOH and

HCl together so that reaction can take place. More specifically, we need to bring molecules

of NaOH into contact with molecules of HCl. This challenge falls into the area we call

“mass transfer.”

We will consider the movement of molecules from one location to another by two

mechanisms: molecular diffusion and mass convection. Following is a general descrip-

tion of both of these mechanisms and a discussion of how we can use this understanding

to accomplish our task.

8.1 MOLECULAR DIFFUSION

Molecular diffusion refers to the movement of individual molecules through a group

of molecules without the aid of bulk fluid flow such as from stirring. For example, suppose

a few molecules of liquid chemical A are placed in a particular location within a large

group of molecules of liquid chemical B (Figure 8.1a). As all the molecules undergo ran-

dom movement (in liquids, we call this Brownian motion), the molecules of A will event-

A
A

A

A
A

B

B

B
B

B

B
B
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B
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B
B
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B
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B

B
B
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B

B

B

B

B

B

B
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A

A
A

A

B

B

B

B
B

a b

Figure 8.1 (a) Illustration of molecular diffusion of molecules of A through molecules of B; (b)

new locations of molecules of A due to diffusion
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ually make their way to various locations throughout the available volume to produce a

distribution like that shown in Figure 8.1b. This movement is the result of many random

collisions between the molecules that are constantly in motion.

The rate of transfer of A molecules through B molecules from one location to another

by molecular diffusion is described mathematically by Fick’s Law, named after Adolph

Fick, a German physiologist who developed the equation to describe the transfer of ma-

terials in the human body. According to a simplified version of that equation, the rate of

transfer of species A by molecular diffusion in the x direction (Figure 8.2) is

Simplifed Version

of Fick’s Law of

Mass Diffusion

ṄA,x = −DABA
cA,2 − cA,1

x2 − x1
= −DABA

∆cA

∆x
(8.1)

where

ṄA,x = diffusion transfer rate of species A (moles transferred per time, e.g., gmol/s)

across area A in the x direction between locations 1 and 2

A = cross-sectional area across which diffusion occurs (perpendicular to the x

direction)

DAB = the binary diffusivity of species A in species B (a coefficient reflecting how

easily A molecules move through B molecules), with units of area/time (e.g.,

cm2/s)

cA = the concentration of species A (e.g., gmol/L)

Location 1 Location 2

Cross-sectional, A

x

Figure 8.2 Depiction of molecular diffusion in the x direction through area A

Equation 8.1 expresses the transfer rate in terms of a driving force (∆cA), which tends

to produce the diffusion, and a resistance (∆x/DABA), which tends to oppose that diffusion,

so that

transfer rate =
driving force

resistance
(8.2)

Compare this with the electrical analog provided by Ohm’s Law, which describes the

“transfer” of electricity (current or I), as a result of a potential driving force (voltage or

V ) through a material with a resistance (R) that tends to oppose that current:

current =
voltage

resistance
OR I =

V

R
(8.3)

Equation 8.1 contains the binary diffusivity, DAB, which describes the ease with which
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a molecule of species A moves through molecules of species B. In other words, when DAB

is large and transfer occurs rapidly, the resistance is small, and when DAB is small and

transfer occurs slowly, the resistance is large. As you would expect, DAB depends on the

properties of the molecules of A and B, including

• molecular size (which determines distances and spaces between molecules)

• molecular shape (including the presence of long chains that can tangle)

• molecular charge (which affects attractive or repulsive forces between the molecules)

As you might have also suspected, DAB is really not a constant but varies with the physical

conditions of the system. The most influential condition is the temperature, because that

variable affects the motion of the molecules, and greater molecular motion makes it easier

for molecules to move around each other.

8.2 MASS CONVECTION

Mass convection is the method by which velocities and flow aid in the mixing of

molecules of different types. Figure 8.3a depicts a small current of fluid moving in the

direction represented by the dark arrow. That current carries molecules in its path to new

locations, as represented in Figure 8.3b. Obviously, it is possible to have many small cur-

rents in a complex flow, causing rapid distribution of molecules. In addition, even in the

presence of flow, molecules also continue to carry on molecular diffusion. However, when

flow is present, the convection usually dominates as a mechanism of transfer.
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Figure 8.3 (a) Illustration of mass convection of molecules of A and B showing a velocity current, represented by the dark arrow;

(b) new locations of molecules of A due to convection

You should recognize that mass convection distributes molecules much more quickly

than does molecular diffusion alone. This is consistent with many experiences you have
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already had in life, such as when you stirred a liquid after adding an ingredient to speed up

the distribution of that ingredient. In chemical engineering, it is often desirable to achieve

maximum mixing of fluids, so chemical engineers sometimes design equipment to promote

such mixing. That equipment may be in the form of small immovable baffles or vanes

inside a section of pipe to produce many small currents of flow that collide and mix as

the fluid flows through the pipe. Mixing tanks are also designed with propellers that are

powered by a motor; the design of the blades on the propellers varies according to the

nature of the liquid being mixed.

8.3 MASS CONVECTION WITH TRANSFER ACROSS PHASE
BOUNDARIES

A frequent application of mass transfer in chemical engineering processes is the trans-

fer of mass across “phase boundaries” (interfaces) where two different phases (solid, liquid,

and/or gas) meet. Examples of such phase boundaries include (Figure 8.4) the top surface

of a lake (a gas-liquid boundary), the surface of a sugar crystal sitting in water (a solid-

liquid boundary), and the surface where oil and water meet in a salad dressing in which the

oil and water are allowed to separate (a liquid-liquid boundary).

the surface 
where the water 
and oil meet is 
a liquid-liquid 
phase boundary

water

oil

c

sugar 
crystal

water

the surface of 
the crystal is 
a solid-liquid 
phase boundary

lake

air

the surface of 
the water is 
a gas-liquid 
phase boundary

a b

Figure 8.4 Illustration of (a) a gas-liquid phase boundary at the top of a lake, (b) a solid-liquid phase boundary between a sugar

crystal and surrounding water, and (c) a liquid-liquid phase boundary where the oil and water meet in a salad dressing in which

the oil and water are allowed to separate

In designing processes where mass transfer is to occur across phase boundaries, chem-

ical engineers usually include mass convection (flow) to increase that transfer. The flow in-

creases transfer by moving the transferring material toward or away from the phase bound-

ary more rapidly than would be the case by diffusion alone. Our life experiences teach us

to use convection instinctively in everyday applications of this principle, such as blowing

air across a wet carpet to dry it faster or stirring the water in a glass to dissolve the sugar

that we just added.

In mass transfer by convection at phase boundaries, the net effect (which is usually

of greatest interest) is the transport perpendicular to the phase boundary as illustrated in

Figure 8.5, where the direction of net transfer is indicated by the large arrow. In this figure,

the mode of transfer of species A in Phase I is not specified in order to focus on Phase II.
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Phase Boundary 
or Interface

Phase I Phase II

Convection

NA = hm A(cA  A  )1 2

cA1
cA2

Fluid Flow

Figure 8.5 Mass convection of species A across a phase boundary into Phase II; the source of

species A at the phase boundary is not specified but may be by either diffusion or convection in

Phase I or by dissolution of Phase I

Transport to/from phase boundaries via convection is described quantitatively as fol-

lows (referring again to Figure 8.5):

Equation for

Mass Convection
ṄA = hmA(cA1

− cA2
) (8.4)

where

cA1
= concentration of species A at the starting location (1) of transfer (the phase

boundary in the case depicted in Figure 8.5)

cA2
= concentration of species A at the ending location (2) of transfer (the bulk of

the fluid away from the phase boundary in the case depicted in Figure 8.5)

ṄA = convection transfer rate of species A (number of moles per time, e.g., gmol/s)

through area A from location 1 to location 2

hm = mass-transfer coefficient, which accounts for the effects of diffusion and

fluid motion (units of length per time, e.g., cm/s)

A = cross-sectional area through which the transfer takes place (the area of the

phase boundary)

In Equation 8.4, the notion of a driving force is present in the concentration difference,

just as it was in Equation 8.1 for diffusion. In the case of mass convection, the resistance is

1/hmA. In other words, when hm is large, the resistance is small and transfer occurs rapidly,

and when hm is small, the resistance is large and transfer occurs slowly.

EXAMPLE 8.1 A particular lake is a favorite site for recreation but is also windy, causing enough water evaporation

that the level of the lake drops throughout the summer. It turns out that water skiing on the lake is

safe until the water level drops 1 m from the early-spring level.

a. How much volume will the lake lose per day due to evaporation?

b. How long from early spring will it take for the water level to drop 1 m?

(continued on the next page)
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EXAMPLE 8.1

(continued)

The following values pertain:
concentration of water in the air at the water surface 1.0×10−3 kgmol/m3

concentration of water in the wind 0.4×10−3 kgmol/m3

area of the lake 1.7 mi2

mass-transfer coefficient of water from the lake surface 0.012 m/s

density of the lake water 1000 kg/m3

SOLUTION
a. First, we recognize that the species whose mass transfer we wish to estimate is water vapor.

Furthermore, cA1
in Equation 8.4 is the concentration of water vapor at the lake surface, while

cA2
is the concentration of water vapor in the wind. Finally, the mass-transfer area is

A = 1.7mi2
(

1609m

mi

)2

= 4.4×106 m2

Equation 8.4 tells us

Ṅwater = hmA(cwater1
−cwater2

)

=
(

0.012
m

s

)(

4.4×106 m2
)

(

1.0×10−3 −0.4×10−3 kgmol

m3

)

= 31.7kgmol/s

= 31.7
kgmol

s

(

60s

min

)(

60min

hr

)(

24hr

day

)

= 2.74×106 kgmol/day

The mass of water associated with this evaporation rate is (from Equation 4.6a)

ṁwater = MWwaterṅwater = MWwaterṄwater

=

(

18kg

kgmol

)(

2.74×106 kgmol

day

)

= 4.93×107 kg/day

To determine how much volume the lake loses (the lake is assumed to be essentially pure

water), the volume associated with this mass can be determined from Equation 4.5:

V̇water =
ṁwater

ρwater
=

4.93×107 kg/day

1000kg/m3
= 4.93×104 m3/day

b. The total volume lost is the volume lost per day times the number of days. Also, we can assume

that for a relatively small drop in water level, the surface area of the lake (A) would not change

significantly. Thus, the total volume associated with such a drop (h) of water would be

Vwater = V̇watert = hA

and thus the time required for a particular value of h would be

t =
hA

V̇water

=
(1m)

(

4.4×106 m2
)

4.93×104 m3/day
= 89days
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8.4 MULTI-STEP MASS TRANSFER

In many chemical processes involving mass transfer, the transfer actually occurs in

several steps in series. Following are several examples.

8.4.1 Membrane Separation

One example of multi-step transfer is membrane separation in which diffusion and

convection occur in a process to separate chemicals using selective membranes, where the

transferring substance passes through a membrane while other substances do not. The se-

lectivity may be achieved on the basis of molecular size, as controlled by the size of the

pores of the membrane (Figure 8.6). Other variations include membranes that select a ma-

terial by solubility – that will pass a material because it will associate with the material of

the membrane, such as a hydrophilic (water-like) substance and a hydrophilic membrane,

as opposed to a hydrophobic (oil-like) membrane. An example of membrane separation is

the removal of urea from the blood of kidney patients using the membranes of a hemodia-

lyzer.

Membrane

Input Side Output Side

Membrane Pore

Figure 8.6 Schematic diagram of a process of membrane separation by pores in the membrane

In membrane separation, the solution or mixture approaches the membrane on the in-

put side, usually by convection. Similarly, the transferred material is carried away from the

membrane on the output side, also by convection. Further, the molecules of transferring

material pass through the membrane pores by a process that is best described as diffusion

through the molecular structure of the membrane. Finally, the fraction of the total mem-

brane area consisting of open pores is called the porosity (εpore), with typical values ranging

from 0.2 to 0.9. Since transfer through the membrane occurs only through the pores, the

area for membrane transfer is Atransfer = Atotalεpore, or simply Atransfer = Aεpore.

Let’s use this kind of separation to describe the relationships in multi-step mass trans-

fer. The process involves at least three steps, as shown in Figure 8.7:

1. transfer of the material from the bulk fluid on the input side of the membrane to the

membrane surface (mass convection)

2. passage of the material through the membrane (mass diffusion)

3. transfer of the filtered material from the membrane surface on the output side of

the membrane into the bulk fluid (mass convection)
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Convection

NA = hm,0 A(cm  A  )2 o

cAi
cAo

Membrane

Convection Diffusion

NA = DA,mem Aεpore 
1 2

cm  cm
xmem

NA = hm,i A(cA  cm  )i 1

cm2
cm1

xmem

Fluid Flow 
of Product 
(output)

Fluid Flow 
of Feed 
(input)

Figure 8.7 Close-up view of membrane separation showing the three parts of the process

Notice that in the equation in Figure 8.7 describing transport through the membrane, the

area has been corrected for the porosity as indicated above to calculate the “pore area” of

the membrane (i.e., not including the area occupied by the solid membrane material).

Now, let’s solve each of the transfer equations in terms of the concentration differences

as follows:

cAi
− cm1

=
ṄA

hm,iA

cm1
− cm2

=
ṄA∆xmem

DA,memAεpore

cm2
− cAo =

ṄA

hm,oA

In a steady-state situation, the transfer of species A from the input side must equal the

transfer through the membrane, which must also equal the transfer into the output side. In

other words, ṄA is the same for all three steps of the process. If the system is rectangular,

as depicted in Figure 8.7, the cross-sectional area for transfer (A) is also the same for all

three steps (though corrected for porosity in the diffusion through the membrane). We can

now add these equations together and factor out ṄA (notice that most of the concentration

terms drop out), giving

cAi
− cAo = ṄA

(

1

hm,iA
+

∆xmem

DA,memAεpore

+
1

hm,oA

)

or

ṄA =
cAi

− cAo

1

hm,iA
+

∆xmem

DA,memAεpore

+
1

hm,oA

=
overall driving force

∑ resistances (8.5)

As we discussed earlier in the chapter, each one of the three steps of the process has

a mass-transfer resistance, which reflects the fact that natural physical influences tend to

inhibit or resist the transfer. For example, the transferring molecules may move very slowly

through the fluid on the input side of the membrane, or may diffuse through the membrane
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very slowly, or may be slow to be transported away from the output side of the membrane.

The mathematical terms representing these resistances are found to be added together in

the denominator of Equation 8.5. The overall driving force is found in the numerator, and

the total equation takes the same form as Equation 8.2.

Equation 8.5 helps us to see that the total resistance for the process is the sum of

the resistances for the individual steps, so if one of those resistances is much larger than

the other two resistances, that larger resistance will be dominant and will limit the total

transfer rate. In such a case, we say that the larger resistance is the limiting resistance.

Even if we reduce one or both of the other resistances (for example, by increasing the flow

of bulk fluid), the mass-transfer rate will not increase very much. Mathematically, this is

because the total resistance is dominated by the largest term in the sum and will not change

very much if a small term is decreased. Physically, this is true because the overall transfer

rate is limited or restricted by the slowest step. This concept of a limiting resistance is an

important one that appears in many forms in the chemical engineering discipline. When

an improvement is needed in a process, the chemical engineer will always want to know

where the limiting resistance(s) is(are).

The use of Equation 8.5 and the concept of a limiting resistance are illustrated as

follows:

EXAMPLE 8.2 Liquid B flows on one side of a membrane, and liquid C flows along the other side of the membrane.

Meanwhile, species A present in both liquids transfers from liquid B through the membrane and into

liquid C. The following data pertain:
concentration of A in liquid B 5.0 M

concentration of A in liquid C 0.1 M

thickness of the membrane 200 µm

diffusivity of species A in the membrane 1.0×10−9 m2/s

area of membrane 1 m2

porosity of membrane 70%

mass-transfer coefficient on side B 7.0×10−4 m/s

mass-transfer coefficient on side C 3.0×10−4 m/s

a. What are the relevant mass-transfer mechanisms?

b. What is the transfer rate of A from the B side to the C side?

c. Calculate the limiting resistance.

d. Which of the following is most likely to increase the transfer rate?

A. Increasing the flow rate of liquid B

B. Decreasing the thickness of the membrane

C. Decreasing the magnitude of the diffusivity

D. Increasing the flow rate of liquid C

SOLUTION The drawing for this system is

Liquid B

Membrane

cA = 5.0 M cA = 0.1 M
Liquid C

Transfer of A

Fluid Flow Fluid Flow

(continued on the next page)
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EXAMPLE 8.2

(continued)
a. Because liquid is flowing on both sides of the membrane, the mass-transfer mechanism in

those locations is mass convection. Through the membrane, species A transfers by molecular

diffusion.

b. From Equation 8.5,

ṄA =
cAB

− cAC

1

hm,BA
+

∆xmem

DA,memAεpore
+

1

hm,CA

=
5.0M − 0.1M

1
(

7.0×10−4 m
s

)

(1.0m2)
+

2.00×10−4m
(

1.0×10−9 m2

s

)

(1.0m2)(0.7)

+
1

(

3.0×10−4 m
s

)

(1.0m2)

=
5.0M − 0.1M

1430
s

m3
+ 286000

s

m3
+ 3330

s

m3

(

1000L

m3

)

= 0.0169
gmol

s

c. From the denominator of the above equation, the resistances can be seen to be

1

hm,BA
= 1430

s

m3

∆xmem

DA,memAεpore
= 286,000

s

m3

1

hm,CA
= 3330

s

m3

Thus, the membrane represents the limiting resistance, since it dominates the resistances so

dramatically.

d. In view of the results of the previous parts of this problem, the options presented will have the

following effects:

A. Increasing the flow rate of liquid B will decrease the resistance associated with mass

convection on the B side, but since that resistance is so much smaller than the membrane

resistance, it will have very little effect on the transfer rate.

B. Decreasing the thickness of the membrane will likely have the largest effect on the

transfer rate, since the membrane resistance is limiting.

C. Decreasing the magnitude of the diffusivity will increase the membrane resistance and

will therefore decrease the transfer rate.

D. Increasing the flow rate of liquid C will decrease the resistance associated with mass

convection on the C side, but since that resistance is also much smaller than the mem-

brane resistance, it will have very little effect on the transfer rate.

In some circumstances, resistances in series are more equal (there is no clearly limiting

resistance), but the largest resistance will still exert the largest effect on the transfer rate.

This is illustrated in the following example.
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EXAMPLE 8.3 In patients with severe kidney disease, urea must be removed from the blood with a “hemodialyzer.”

In that device, the blood passes by special membranes through which urea can pass. A salt solution

(“dialysate”) flows on the other side of the membrane to collect the urea and to maintain the de-

sired concentrations of vital salts in the blood. One geometry for hemodialyzer design is with flat

membranes in a rectangular system. For such a geometry, consider the following typical values:
Blood side:

mass-transfer coefficient for the urea 0.0019 cm/s

average urea concentration within the dialyzer 0.020 gmol/L

Dialysate side:

mass-transfer coefficient for the urea 0.0011 cm/s

average urea concentration within the dialyzer 0.003 gmol/L

Membrane:

thickness 0.0016 cm

diffusivity of urea in the membrane 1.8×10−5 cm2/s

total membrane area 1.2 m2

porosity 20%

a. Based on these values, what is the initial removal rate of urea? (Note: This rate will decrease

as the urea concentration in the blood decreases.)

b. One might be tempted to try to increase the removal rate of urea by developing better hemodi-

alyzer membranes. Based on analysis of these characteristics, is such an effort justified?

SOLUTION
a. From Equation 8.5, the initial removal rate is

Ṅurea =
cureablood

− cureadialysate

1

hm,blood−sideA
+

∆xmem

Durea,memAεpore
+

1

hm,dialysate−sideA

=
0.02 − 0.003gmol /L

1

(0.0019cm/s) (1.2m2)
+

0.0016cm
(

1.8×10−5cm2/s
)

(1.2m2)(0.2)
+

1

(0.0011cm/s) (1.2m2)

�

(

1000L

m3

)(

1m

100cm

)(

60s

min

)

= 0.065
gmol

min

b. The three resistances of importance are

1

hm,blood−sideA
=

1

(0.0019cm/s)(12,000cm2 )
= 0.0439

s

cm3

∆xmem

Durea,memAεpore
=

0.0016cm
(

1.9×10−5cm2/s
)

(12,000cm2)(0.2)
= 0.0370

s

cm3

1

hm,dialysate−sideA
=

1

(0.0011cm/s)(12,000cm2 )
= 0.0758

s

cm3

Improvement of the membranes would increase the transfer somewhat, since its resistance is

significant relative to the other resistances. But the greatest potential to increase the removal

rate is on the dialysate side, which has the largest resistance.

Up to this point, we have considered two types of “transfer mechanisms” or ways in

which mass transfer occurs: (1) diffusion and (2) convection. As you solve mass-transfer

problems, one of the first things you will need to do is identify the transfer mechanism. You
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will then be able to write down the expression required to solve the problem (Equation 8.1

or 8.4). The criterion for this decision has already been established in this chapter and is

that for the problems we will consider, if there is no flow, transfer will occur via diffusion

(Equation 8.1) and if there is flow, transfer will take place via convection (Equation 8.4).

Chemical engineers use the principles of mass transfer in a number of types of sys-

tems such as the membrane system discussed above. Two additional systems, liquid-liquid

extraction and gas-liquid absorption, are discussed below. In each case, transfer occurs in a

series of steps, any one of which may be the limiting resistance to transfer. Try to identify

which steps might be limiting in each of these systems.

8.4.2 Liquid-Liquid Extraction

When two liquids are mixed together, some pairs of liquids will blend to form a single

phase while others will remain separate as two phases. For example, aqueous (water-based)

liquids will not mix well with oil-based liquids. This can be seen when vegetable oil and

water are combined to make a salad dressing; when shaken vigorously, the oil will dis-

tribute into small droplets within the water but will never completely mix with the water.

Upon standing for a few minutes, the oil droplets will separate from the water again and

will sit above the water in a separate phase. Liquids that will not mix with each other are

said to be immiscible.

Given two immiscible liquids in contact with each other, a third chemical compound

may be present in both phases but may preferentially distribute into one of the phases more

than into the other. In other words, that compound may be more soluble in one of the phases

than in the other. Going back to our example of the salad dressing, vinegar is also added to

the dressing and distributes much more readily into the water phase than into the oil phase.

This difference in solubility can be used to create a driving force for mass transfer.

For example, if one desires to remove the vinegar from an oil mixture, contacting the oil

with water will cause most of the vinegar to leave the oil and transfer into the water. In

chemical engineering, we say that the vinegar is being extracted from the oil. In general,

liquid-liquid extraction is promoted when two immiscible liquids are brought into contact

so that a particular compound will transfer from one phase to another. In that process,

the transferring compound will travel through the original phase by diffusion or possibly

convection, then through the liquid-liquid interface between them (i.e., the area where the

phases are in contact), and then into the new phase by diffusion or convection (Figure

8.8). For example, gasoline spills result in the buildup of certain organic compounds, like

xylenes, in ground water, and one way to remove those organic compounds is by contacting

the water with an organic phase (e.g., hexane).

Liquid Phase I Liquid Phase II

Liquid-Liquid Boundary

Figure 8.8 Illustration of mass transfer by liquid-liquid extraction
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To cause liquid-liquid extraction to occur at a maximum rate, it is desirable to increase

the contact area between the two liquids. This is accomplished by having the separate

liquids enter a vertical cylinder (called a column) through a distributor that breaks them up

into droplets (Figure 8.9). The heavier liquid is introduced into the top of the column and

the lighter liquid into the bottom so that gravity will cause them to flow through each other

as the liquids attempt to trade places. To provide many small channels for the droplets

to flow past each other, thousands of small solid shapes, called packing, fill the column

(Figure 8.9). Many types of packing have been used, ranging from glass marbles to ceramic

cylinders to stainless-steel rings, depending upon the flow characteristics and chemical

reactivity of the liquids involved.

Heavy Liquid In Light Liquid Out

Heavy Liquid Out

Distributors

Column

Packing

Light Liquid In

Figure 8.9 Schematic of a liquid-liquid extraction column

8.4.3 Gas-Liquid Absorption

Gas-liquid absorption is similar to liquid-liquid extraction where the two phases are a

gas and a liquid instead of two liquids. The transferring substance travels through one of the

phases (e.g., the gas) by diffusion or convection, then through the gas-liquid interface, and

into the other phase (e.g., the liquid) by diffusion or convection (Figure 8.10). Everyday

examples where this kind of transfer occurs include (1) bubbling carbon dioxide through

homemade root beer causing some of the CO2 to be absorbed into the root beer solution,

and (2) bubbling air through water in an aquarium, causing oxygen to be absorbed into the

water. In some cases, the rate of absorption into the liquid phase is increased by reacting

the transferring species in the liquid to form a different compound so that the liquid-phase

concentration of the transferring species remains low.

Gas Phase Liquid Phase

Gas-Liquid Boundary

Figure 8.10 Illustration of mass transfer by gas-liquid absorption
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A common industrial application of gas-liquid absorption is the removal of sulfur diox-

ide from combustion exhaust gas into a calcium-carbonate or calcium-hydroxide solution

(which reacts with the sulfur compound). Removing the sulfur dioxide prevents its entry

into the atmosphere, where it can form sulfuric acid in the air, and can produce “acid rain,”

which falls from the air onto the soil and ground water.

CONCLUDING COMMENTS

In each process we have discussed, a driving force promotes the transfer of a sub-

stance, and mass diffusion or convection provides a mechanism for that transfer. Also,

when transfer occurs through several regions or phases, one of the resistances can act as

a limiting resistance. Many other kinds of mass-transfer processes could have also been

described in this chapter, but all of them would have had the same basic characteristics.

While we have taken the opportunity to discuss several aspects of mass transfer, the

application of these principles to our design problem is straightforward. We simply need

to make sure that adequate mixing of the HCl and NaOH occurs so that the desired neu-

tralization reaction can take place. This issue will be discussed further in the next chapter.

♦ Biomedical Engineering Applications of Mass Transfer

Mass transfer in chemical engineering has numerous im-

portant applications in biomedical engineering. Here are four

examples.

Artificial Kidney: The artificial kidney, or hemodialyzer,

was originally invented by a Dutch physician during World

War II, but it was chemical engineers who refined the device

to the current compact and efficient design. The goal is to

transfer waste products from flowing blood through a mem-

brane into a salt solution that can be discarded. The inven-

tion of hollow fibers (small-diameter tubes made from vari-

ous polymers) made it possible to maximize the membrane

surface area and the mass-transfer coefficient in the current

shell-and-tube design, with blood flowing through the tubes

and the salt solution flowing around the tubes.

Blood Oxygenator: Shortly after World War II, the ar-

tificial blood oxygenator was introduced as part of heart-

lung bypass to perform open-heart surgery. To replace the

bypassed lungs during the surgery, the oxygenator was de-

signed to add oxygen to the blood and to remove carbon

dioxide from the blood. The current models are nearly all

based on shell-and-tube configurations with hollow fibers

made from polymers that are particularly permeable to oxy-

gen and carbon dioxide. Once again, adequate mass trans-

fer is achieved by maximizing the mass-transfer coefficient,

coupled with sufficient membrane area.

Drug Delivery Systems: Chemical engineers have been

developing methods to deliver drugs to patients when spe-

cific delivery location, timing, and dosage are required. For

example, skin patches and insertions under the skin now are

available for slow, long-term delivery of some medications,

such as synthetic hormones and neuroactive agents. Meth-

ods are being developed to deliver chemotherapy drugs to

the specific location of cancer and to minimize the adverse

effects of those drugs elsewhere in the body. Insulin pumps

can deliver insulin to diabetics according to varying needs.

In all of these applications, mass transfer of the drug oc-

curs from the delivery vehicle, through anatomic barriers,

and along flowing blood streams, all as described by princi-

ples introduced in this chapter.

Tissue Engineering: The relatively new area of tissue

engineering includes growing tissue cells outside the body

(“in vitro”), usually on a polymer scaffold to provide a spe-

cific shape, and then implanting that “artificial” part into the

body. Mass-transfer principles must be utilized in the de-

sign of the in-vitro growth process to provide adequate oxy-

gen, glucose, and other nutrients to the cells. Also, where

biodegradable scaffolds are used, the rate that the scaffold

dissolves and is removed (dictated by mass-transfer consid-

erations) must be engineered to match the rate of cell growth

as it replaces the scaffold volume and structural support.
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READING QUESTIONS

1. For the molecular diffusion of species A through species

B, how would each of the following affect the rate of that diffu-

sion? In each case, explain your answer.

a. The temperature of the mixture is increased.

b. Species A is replaced with a species comprised of larger

molecules.

c. Species A is replaced with a species whose molecules

have long branches.

2. Consider the mass convection of species A from an inter-

face into a flowing stream of species B as in Figure 8.4. How

would each of the following affect the rate of that convection?

In each case, explain your answer.

a. The velocity of the flowing stream is increased.

b. The interfacial area for transfer is increased.

c. The concentration of species A at the surface of the in-

terface is increased.

3. Which concentration difference is driving mass transfer for

each of the following:

a. A solid block of salt slowly dissolves in a stagnant pool

of water.

b. A quantity of a drug has been injected into the muscle

of a patient so that it now slowly enters the bloodstream.

4. Molecules of a drug move through a polymer membrane

and into blood that flows next to the membrane.

a. What kind of mass transfer (molecular diffusion, or con-

vection) occurs in the polymer, and which occurs in the

blood phase?

b. If the mass transfer inside the polymer represents the

limiting resistance, how would each of the following

affect the overall rate of mass transfer? In each case,

explain your answer.

i. increase the flow rate of blood

ii. modify the drug to decrease its molecular size

HOMEWORK PROBLEMS

1. In view of Equations 8.1 and 8.4, which describe molecu-

lar diffusion and mass convection, respectively, how would the

rate of each type of transfer change if the difference in concen-

tration of species A between the starting and ending locations

were decreased by 40%?

2. Some discarded solid chemical waste dissolves slowly in

a large drain pipe in which the water is stagnant. On a partic-

ular day, the dissolved chemical has a concentration of 0.16 M

near the solid and is essentially 0 at a location 13.6 m further

along the pipe. The transfer rate (moles per time) of the chem-

ical through the water in the pipe between those two points is

7.3 gmol/min.

a. What equation describes this kind of transfer?

b. Several days later, the chemical concentration near the

solid has decreased to 0.105 M and is essentially 0 at

a location 9.9 m away. What will be the transfer rate

between the point near the solid and the point 9.9 m

away on this later day?

c. On the next day, the heavy rains cause a current of water

to flow through the drain pipe where the dissolving solid

is located. The solid now dissolves twice as fast as on

the previous day. If the concentrations are still 0.105 M

near the solid and 0 at the more remote locations, and

if the cross-sectional area for transfer is 0.3 m2, what is

the value of the mass-transfer coefficient at this time?

3. The binary diffusivity of a particular salt in water at room

temperature is 3.2× 10−4 cm2/s. That salt in solid form dis-

solves at the bottom of a beaker of water (8 cm high), while

water flows across the top of the beaker at a high velocity, as

shown.

Fast-moving Water
c = 0

8 cm Water

Dissolving Solid

c = csat

The concentration of the dissolved salt equals its saturation value

(csat ) at the top surface of the solid, and it equals 0 at the top of

the beaker (because of the high flow rate of the water flowing

across). When the water inside the beaker is stirred at a partic-

ular rate, the solid dissolves at a rate 4 times greater than when

the water in the beaker is not stirred (sits stationary). What is

the value of the mass-transfer coefficient in the stirred condition

(numerical value and units)?
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4. Indomethacin (an anti-inflammatory drug, MW =357.79) is

to be delivered by a surgically implanted drug-delivery device

in which the drug inside a membrane reservoir transfers through

the membrane to the surrounding fluid and tissue. The outside

surface area of the reservoir is 3.5 cm2. Furthermore, the con-

centration of the drug on the outside surface of the reservoir

is 5.8× 10−5 gmol/L, but the concentration a few centimeters

from the reservoir can be assumed to equal 0. The fluid outside

the reservoir is flowing slowly, which aids the transfer, and the

mass-transfer coefficient is 0.016 cm/s. How much time will be

required to deliver 50 mg of the drug?

5. The intermediate product of a chemical process is a chem-

ical paste that is saturated with water. The paste is rolled into

a thin layer and placed to dry in a flat area 30 m long by 15 m

wide. Drying is enhanced by blowing hot air over the paste, and

the mass-transfer coefficient is 0.017 m/s. Diffusion of water

through the paste is rapid so that the concentration of water va-

por at the surface of the paste remains constant at 0.002 gmol/L.

Water must be removed from the paste at a minimum rate of

9.5 L/min (liquid volume). (Note: MWwater = 18 and ρwater = 1

g/cm3.)

a. What mechanism controls the transfer of water from the

paste into the air?

b. What is the molar rate of water removal that corre-

sponds to a volumetric removal rate of 9.5 L/min?

c. What is the maximum concentration of water vapor al-

lowable in the air (far away from the paste surface) if

water must be removed at a rate of at least 9.5 L/min?

d. Assuming that the mass-transfer coefficient remains con-

stant, what can be done to increase the rate of water re-

moval from the paste?

6. Your company manufactures hemodialyzers that have the

characteristics described in Example 8.3. A colleague in the

company has proposed replacing the membranes with better

ones, which have the same thickness, area, and porosity but for

which the urea diffusivity in the membrane is 2.7×10−5 cm2/s.

Assuming that the average concentrations of urea in the blood

and dialysate are the same as with the old membranes, by what

percentage would the new membranes increase the urea removal

rate? In terms of resistances, explain why this turns out to be

such a small improvement.



Chapter 9

Reaction Engineering
(What Size Reactor?)

9.1 DESCRIBING REACTION RATES

The next step in our process is to neutralize the HCl by reacting it with NaOH. In

order for a chemical reaction such as acid neutralization to take place, the reactants must

be brought together for a sufficient amount of time under conditions where the reaction can

occur. This is typically done in a chemical reactor. What kind of reactor is needed and how

should the reactants be brought together? How large should that reactor be, and how much

time should the reactants spend in the reactor so that the reaction proceeds to the extent

desired? The questions of reactor type and size will be addressed later in this chapter. To

address the questions about reaction rate, let’s begin our discussion by considering two

additional questions:

1. What physical variables affect the rate of a reaction between two chemical species?

2. How do we describe the rate of a reaction?

Question #1: What physical variables affect the rate of a reaction between two chem-

ical species, for example in the reaction A + B → C + D? The most important variables

include (1) the frequency at which the reacting molecules come in contact (collide) with

each other, (2) the orientation and force of the collision, and (3) the energy requirements

of the reaction. Now, let’s discuss each one of these.

Frequency of molecular collision: The collision frequency depends on at least two

variables. One of these is how many A and B molecules are present (i.e., their concentra-

tions). This is obviously affected by whether the reaction takes place in a gas or a liquid

phase, the temperature and pressure (especially for a gas), and the mole fractions of the

reacting species. The second variable affecting the collision frequency is the velocity at

which the molecules are moving. For gases, the molecules move long distances (compared

with the molecular diameters) between collisions with other molecules. The velocity at

which the molecules travel depends almost exclusively on the prevailing temperature. For

liquids, the molecules are in contact with their neighbors as they bump and tumble around.

Again, the velocity and frequency of contact depend upon the temperature of the liquid.

Orientation and force of the collision: While we cannot actually observe reactions

taking place at the molecular level, we usually imagine that the reaction takes place as

follows: Most of the collisions between A and B molecules produce no chance of reac-

tion, either because the reactive parts of the molecules are not involved in the collision

or because the molecules are not pressed together with enough force during the collision.

However, in just a few of the collisions, one specific reactive part of an A molecule col-

lides with a specific reactive location on a B molecule. In some of those cases, the force of

the collision is sufficient to result in the formation of an activated complex. An activated

complex is a temporary molecule that is formed during the reaction sequence, exists only

141
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for a very short period of time (e.g., 10−13 s), and then is transformed into the reaction

product(s) by rearrangement of the atoms or by dissociation into multiple new compounds

(as depicted in Figure 9.1).

Reactive Sites

Activated ComplexA B C D

+ +

Figure 9.1 Depiction of the reaction A + B → C + D

Energy requirements of the reaction: In the previous paragraph, we visualized re-

actants A and B colliding and forming product species C and D. It’s important to note

that we would also occasionally see the reaction products C and D collide to form the

original reactants A and B (the reverse reaction). The observed rate of the forward reac-

tion is actually the net difference of the many individual forward and reverse reactions.

Furthermore, the relative numbers of the individual forward and reverse reactions depend

upon how “favorable” the respective reactions are from an energy standpoint. In our sim-

ple model of a reaction, this might be like asking “With how much energy must A and B

collide to produce a forward reaction? With how much energy must C and D collide to

produce a reverse reaction?” We refer to the energy needed to produce a forward reaction

as the activation energy (abbreviated Ea) for the forward reaction and, likewise, refer to the

energy needed to produce a reverse reaction as the activation energy for the reverse reac-

tion. These energies are sometimes illustrated as shown in Figure 9.2. Notice that in Figure

9.2, the activation energy for the forward reaction is depicted as being less than that for the

reverse reaction and that the energy of the products is lower than that of the reactants; in

this case, then, the forward reaction is more favorable than the reverse reaction. However,

as will be discussed later, the actual rates of the forward and reverse reactions also depend

on the concentrations of A, B, C, and D.

Energy

Reaction Direction
reverse forward

A+B

C+D

Activated Complex

Ea,fwd
Ea,rev

Figure 9.2 Representation of the activation energies for the forward and reverse directions
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An important discovery related to the energy of reaction was that certain substances, called

catalysts, lower the activation energies of some reactions, thereby allowing these reactions

to proceed more readily (Figure 9.3). They do this by providing locations on the catalyst

surface where the reactants not only bind to the surface, but also are altered or distorted in

such a way as to make them more likely to react. Because these reactions proceed much

more rapidly in the presence of catalysts, it is often possible to achieve desired reaction

rates at much lower temperatures and pressures than would otherwise be required (thus

reducing the costs of building the equipment and operating the process).

Energy

Reaction Direction
reverse forward

A+B

C+D

Without Catalyst

With Catalyst

Figure 9.3 Representation of the influence of a catalyst on the energy of a reaction

As implied in Figures 9.2 and 9.3, every reaction can be described as having a forward

direction and a reverse direction. For example, for the forward reaction A + B → C + D,

the reverse direction would be C + D → A + B. When the rate of the reverse reaction is

insignificant compared with that of the forward reaction, we describe the reaction as being

“irreversible” and represent it by the forward reaction

A + B → C + D

However, if the reverse reaction rate is significant, then we say that the reaction is “re-

versible,” and it is more correct to write the reaction equation to indicate that the reaction

can proceed in both directions, such as

A + B ↔ C + D or A + B ⇋ C + D

In addition, the individual forward and reverse reactions may be influenced by different

physical factors, and the net rate of the reaction will be influenced accordingly.

It’s now time to address the second question posed at the beginning of the chapter.

Question #2: How do we describe the rate of a reaction? Let’s suppose that we are

considering the irreversible chemical reaction A + B → C + D. For liquid phases, we

usually describe the rate of this reaction by a rate equation as shown in Equation 9.1.

reaction rate

(

in units of
moles of A

time volume

)

= rreaction,A = krc
n
Acm

B (9.1)

As shown in Equation 9.1, the “rate” of the reaction is expressed in units of moles/(time

volume), where the volume is that of the reacting mixture (often the volume of the reactor
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vessel itself). Consistent with usual conventions in liquid-phase chemistry, the concentra-

tions cA and cB are in units of moles per volume. For gas phases, the concentrations of

the reacting species are often expressed as the partial pressure of the gas (in units of atmo-

spheres), and the rate of the reaction is written

reaction rate

(

in units of
moles of A

time volume

)

= rreaction,A = kr pn
A pm

B (9.2)

where the rate is in units of moles/(time volume) or in units of atmospheres/time (which

can be converted into moles/(time volume) using the ideal gas law).

The term kr in Equations 9.1 and 9.2 is called the reaction rate constant, whose units

depend on the form of the rate equation; for example, for rate expressions of the form

shown in Equations 9.1 or 9.2, the units of kr will depend on the values of n and m. Further,

kr (the reaction rate “constant”) is indeed a constant at a given temperature, but its value

changes with temperature. That dependence on temperature is usually expressed using the

Arrhenius Equation:

kr = k0e−Ea/RT (9.3)

where ko is called the frequency factor (with the same units as kr), Ea is the activation

energy (in units of energy per mole) that we have discussed previously, R is the universal

gas constant, and T is the temperature at which the reaction takes place (expressed as

absolute temperature).

For a reaction that is accurately described by Equation 9.1 or 9.2, we say that the

reaction is “nth” order with respect to species A, “mth” order with respect to species B, and

“n + m” order overall. For example, if n=2 and m=3 for a particular reaction, the reaction

would be described as second-order with respect to species A, third-order with respect to

species B, and fifth-order overall.

With some reactions (called elementary reactions), the order of the reaction with re-

spect to each of the reactants matches the stoichiometry of the reaction equation. For ex-

ample, for the reaction

2NO + O2 → 2NO2

the reaction rate expression is

rreaction,NO = kr c2
NO cO2

where the order of the reaction with respect to NO equals the stoichiometric coefficient for

NO (namely, 2), and the order of the reaction with respect to O2 equals the stoichiomet-

ric coefficient for O2 (namely, 1). However, in many cases, the orders of reaction in the

reaction rate equation do not match the stoichiometry of the reaction. For example, for

CO + 1
2 O2 → CO2

the reaction rate expression has been found to be

rreaction,CO = kr cCO c0.5
H2O c0.25

O2

which reflects the fact that the actual reaction mechanism is quite complex, including the

involvement of water in several intermediate steps. Therefore, experimental data are usu-

ally required to determine the reaction rate equation for any given reaction, and for prob-

lems in this textbook, the rate equation or information from which to determine the rate

equation (e.g., units of the rate constant) will be provided.
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For the acid-neutralization reaction, the reaction of interest is

HCl + NaOH → H2O + NaCl (9.4)

In this case, the reaction rate is first-order in all reactants and can be expressed in units of

moles/(time volume), as

rreaction,HCl = kr cHCl cNaOH (9.5)

For the reaction between HCl and NaOH (Equation 9.5), kr has the units volume/(moles

time) – for example, L/(gmol s).

The use of these kinds of rate expressions is illustrated in Example 9.1.

EXAMPLE 9.1 Ethylene glycol, a common antifreeze, is made from the reaction of ethylene chlorohydrin and

sodium bicarbonate as shown below:

CH2OH
CH2Cl

+

ethylene 
chlorohydrin

NaHCO3
CH2OH
CH2OH

+ NaCl + CO2

sodium 
bicarbonate

ethylene 
glycol

The reaction is essentially irreversible and is first-order in each reactant, and the reaction rate constant

at 82◦C is 5.2 L/gmol hr (from reference 1, p. 123).

A reaction mixture at 82◦C with a volume of 17.5 liters contains ethylene chlorohydrin and sodium

bicarbonate, both at concentrations of 0.8 M. What is the reaction rate of ethylene glycol (in gmol/hr)?

SOLUTION The reaction rate expression is

rreaction,eth.chl. = kr ceth.chl. csod.bicarb

Inserting the given values:

rreaction,eth.chl. = (5.2 L/gmol hr)(0.8 gmol/L)(0.8 gmol/L) = 3.33 gmol/Lhr

For the more complex case of reversible reactions we usually assign a reaction rate

constant to each direction, such as kr for the forward reaction and k′r for the reverse reaction.

For such cases, Equation 9.1 for liquid becomes

rreaction,A = kr cn
A cm

B − k′r cr
C cs

D (9.6)

which reflects the fact that the net rate of reaction is the difference between the actual rates

of the forward and reverse reactions.

As we describe reactions, we should be aware that the reactants for a desired reaction

are often also capable of undergoing an undesired, or side, reaction. In other words, we are

often dealing with two competing reactions, such as

A + B → C + D (9.7a)

A + B → E + F (9.7b)

In such cases, the challenge is to maximize the desired reaction and minimize the unde-

sired reaction, such as by selecting concentrations and temperatures that maximize the ratio

of desired-to-undesired products. Also, as we write balance equations describing the con-

sumption rates of A and B, we must be careful to specify whether we are referring only to

the reaction in Equation 9.7a, the reaction in Equation 9.7b, or the total of both reactions.
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While there are many reactor configurations, they usually can be described as varia-

tions of two idealized types of reactors, the continuously stirred tank reactor (CSTR) and

the plug-flow reactor (PFR) (Figure 9.4).

Reactants

Plug-Flow Reactor (PFR)

Products Products

Reactants

Continuously Stirred Tank Reactor (CSTR)

Figure 9.4 Illustrations of two idealized types of reactors

The PFR is a simple flow channel (e.g., a circular pipe) into which the reactants are fed.

The reacting mixture that enters the reactor is assumed to flow through the reactor without

mixing with the fluid upstream or downstream (i.e., to flow through as a “plug” hence,

“plug flow”). The reaction proceeds as the mixture flows along the channel, so the reactant

concentrations enter the reactor at the initial (highest) concentrations, decrease steadily as

the mixture flows along the reactor, and exit at their final (lowest) concentrations. Similarly,

the product concentrations increase as the mixture flows along the channel.

The idealized CSTR consists of a perfectly stirred tank into which the reactants are

fed. Because the tank is perfectly stirred, the concentrations in the tank are uniform and

equal to the concentrations in the outlet. Furthermore, the concentrations in the CSTR are

the final concentrations, which are the lowest for the reactants (A and B) and the highest

for the products (C and D). Under steady-state conditions, the concentrations are constant

with time, which means that the rate at which reactants are being consumed plus the rate at

which they leave the reactor add up to the rate at which they enter the reactor (which is the

same concept expressed by the steady-state material balances we constructed in Chapter 5,

e.g., Equation 5.10).

9.2 DESIGNING THE REACTOR

Going back to the questions posed in the first paragraph of Section 9.1, we need to

determine the volume of the chemical reactor for our problem. As indicated above, there

are different types of reactors, and there are also many complex problems that could be

considered. However, for the purposes of this introductory treatment, we will confine our

discussion to continuously stirred tank reactors (CSTR, see Figure 9.4) and irreversible

reactions. We will then describe how to combine the reaction rate expressions in Section

9.1 with the material balances we used in Chapter 5 to solve this problem.

The rreaction,A term introduced in the previous section (the rate at which a reaction takes

place) is closely related to the consumption term used in the material balances in Chapter 5.

The latter term, rconsumption,A, expresses the number of moles of A consumed per time in the

reactor (Figure 9.5a), which accounts for the disappearance of A as it passes through the

reactor and has units of moles/time. In contrast, rreaction,A expresses the number of moles

of A consumed per time per unit volume of reaction mixture (Figure 9.5b) and has units

of moles/(time volume) where the volume in the denominator refers to the volume of the

reacting mixture. Thus, the relationship between the reaction rate and consumption terms

is
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rconsumption,A = rreaction,AV (9.8)

Volume=V

nA,in

nA,outrreaction,AV

b

unit volume
rreaction,A

{
nA,in

nA,outrconsumption,A

a

Figure 9.5 Illustration of the meanings of (a) rconsumption,A and (b) rreaction,A

Again, the volume in Equation 9.8 is the volume of the reacting mixture. Thus, if that

mixture is a liquid that partially fills a reactor vessel (tank), the volume used in Equation

9.8 is the volume of the liquid, not the volume of the entire vessel. In the case of a gas

mixture in a reactor vessel, the gas would fill the vessel, so the mixture volume would be

the same as the volume of the vessel.

One of the unique features of a CSTR is that the contents are assumed to be perfectly

mixed. Hence, as some of the mixture leaves the reactor in one or more outlet streams,

the concentrations of species in those outlet streams are the same as the concentrations of

those same species inside the reactor. Thus, since the concentrations used in the expression

for rreaction,A (e.g., Equations 9.1 and 9.2) must be those in the reaction mixture (i.e., inside

the reactor) and the concentrations inside the reactor are equal to the outlet concentrations

for a CSTR, we can substitute for the concentrations in the reaction expression the outlet

concentrations determined in our material balances (Equation 9.9).

For a CSTR rreaction,A = kr cn
A cm

B = kr cn
A,out cm

B,out (9.9)

There are a variety of problems we can solve using Equations 9.1 (or 9.2) and 9.8 along

with the material balances in Chapter 5, but we will focus on only one type of problem in

this chapter: determining the reactor volume needed to accomplish a desired conversion. To

do this, for our introductory purposes, we recommend the following simplified procedure:

!

IMPORTANT

SUMMARY!

Steps for Finding

Reactor Volume

1. Perform the material-balance analysis for multiple species that we discussed

in Section 5.2 (with a chemical reaction) to determine the values of relevant

variables. In particular, determine the outlet concentrations (needed for the rate

expression – e.g., Equation 9.9) and the consumption/formation rates.

2. Compute the reactor volume. Equate the consumption term to the rate equation

multiplied by the volume (as in Equation 9.8) and solve for the reactor volume.
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EXAMPLE 9.2 Species A in liquid solution (concentration = 0.74 M) enters a CSTR at 18.3 L/s, where it is con-

sumed by the irreversible reaction

A → C where rreaction,A = krcA (kr = 0.015/s and cA is in units of gmol/L)

What reactor volume is needed so that the concentration of species A leaving the reactor equals 0.09

M? The density can be assumed to be constant.

SOLUTION (Note that the steps correspond to the instructions in Chapter 5.)

Drawing a diagram for this problem:

A     C
Vin = 18.3 L/s

Volume = V

cA   = 0.74 M
in

Vout = ? cA    = 0.09 M
out

rreaction,A = (0.015/s) cA
{

We want to construct a mole balance on A. For this case (for a single input and single output stream),

the mole balance becomes

ṅA,in + r f ormation,A = ṅA,out + rconsumption,A

Species A is being consumed, but no species A is being formed, so r f ormation,A = 0. This, along with

substituting more convenient forms for the molar flow rates, gives

cAin
V̇in = cAout

V̇out + rconsumption,A (a)

The value of the outgoing volumetric flow rate is not specifically given, so we need a total mass

balance, which for a single input and single output stream is

ṁin = ṁout

which, in more convenient terms, is

ρinV̇in = ρoutV̇out

Since the density is constant, this reduces to

V̇in = V̇out = V̇ (b)

We can now calculate rconsumption,A using Equations (a) and (b). Equation (a) becomes

rconsumption,A = cAin
V̇in − cAout

V̇out = (cAin
− cAout

)V̇

=

(

0.74
gmol

L
− 0.09

gmol

L

)(

18.3
L

s

)

= 11.9
gmol

s

Up to now, everything we’ve done is a repeat of the material balances we learned in Chapter 5. The

new step is to equate the rconsumption,A term to the given rate expression times the reactor volume,

where cA (in the reactor) = cAout
,

rconsumption,A = rreaction,AV = (kr cAout
) V

or

V =
rconsumption,A

kr cAout

=
11.9 gmol/s

(

0.015

s

)(

0.09
gmol

L

) = 8,800L
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Ideas to think about:

1. what if rreaction,A = kr c2
A?

2. what if rreaction,A = kr?

As explained above, in determining the reactor volume, we need the concentrations

of reacting species in the reactor outlet streams in order to use them for the reaction rate

expression (Equation 9.9). In some cases, those outlet concentrations are not given and

must be determined from material-balance calculations. Some reminders may be useful

when making that calculation.

• Do not simply assume that the outlet concentration of a reactant will be a certain

fraction (e.g., 25%) of the inlet concentration just because 75% of the reactant is

consumed in the reaction. This is because the volumetric flow rate of the outlet

stream may be different from that of the inlet stream, due either to other streams

entering the reactor or to significant changes in density. In such cases, a material

balance will be needed to determine outlet concentrations.

• When formulating the mole balances for the reacting species, it is sometimes con-

venient to make the substitution into the mole balance based on Equations 4.6 and

5.8 that

ṅA,out = cA,out V̇out (9.10)

This will allow you to solve for the concentrations in terms of the other variables.

• If the outlet volumetric flow rate is not already known, it can be obtained through a

total mass balance (remember, ṁ = ρV̇ ).

• If you already know the outlet molar flow rate of the important species (ṅA,out) and

the outlet stream volumetric flow rate (V̇out), the concentration can be determined

from a rearranged version of Equation 9.10, namely,

cA,out =
ṅA,out

V̇out

(9.11)

The use of these guidelines is illustrated in the following example:

EXAMPLE 9.3 In the design of a process, separate liquid streams of pure species A and B will enter a CSTR, where

they will be consumed by the irreversible reaction:

2A + B → C where rreaction,A = kr cA cB (kr = 24.7 f t3/lbmol hr and cA and

cB are in units of lbmol/ f t3)

The molar flow rates of the inlet streams will be

Species A: ṅA = 110 lbmol/hr MW = 59 lbm/lbmol

Species B: ṅA = 68 lbmol/hr MW = 133 lbm/lbmol

In the reactor, 90% of species A is to be reacted (i.e., 90% conversion of species A is desired), and

the output stream will have a density of 50.5 lbm/ft3. What volume must the reactor have?

(continued on the next page)
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EXAMPLE 9.3

(continued)

SOLUTION The diagram for this problem is

2A+B     C
A: 110 lbmol/hr, 59 lbm /lbmol

Reactor Volume = V

Vout50.5 lbm/ft3,

rate = (24.7 ft3/lbmol hr) cA cB{B: 68 lbmol/hr, 133 lbm /lbmol

90% conversion of A

Now that you’re familiar with the approach, we’ll abbreviate the description of the procedure.

Because the reaction rate expression contains the concentrations of two species, mole balances on

both of those species will be needed.

• Mole balance on species A: (with substitution) ṅAin
= cAout

V̇out + rconsumption,A (a)

• Mole balance on species B: (with substitution) ṅBin
= cBout

V̇out + rconsumption,B (b)

• Total mass balance: (to determine outlet flow) ∑
inlet

streams

ṁin = ∑
outlet

streams

ṁout

which, for this case, is ṁAin
+ ṁBin

= ṁout

Substituting more convenient forms: MWAṅAin
+MWBṅBin

= ρoutV̇out (c)

• Additional relationships:

Conversion: rconsumption,A = 0.9 ṅAin
(d)

Stoichiometry:
rconsumption,A
rconsumption,B

= 2
1 = 2 (e)

This completes the equations we need to perform the material balance analysis. Now, we solve the

equations together.

From Equation (c),

V̇out =
MWAṅAin

+ MWBṅBin

ρout

=

(

59
lbm

lbmol

)(

110
lbmol

hr

)

+

(

133
lbm

lbmol

)(

68
lbmol

hr

)

50.5
lbm

f t3

= 308
f t3

hr

From Equation (d),

rconsumption,A = 0.9

(

110
lbmol

hr

)

= 99
lbmol

hr

Combining Equations (d) and (e) gives

rconsumption,B = (rconsumption,A)/2 = (99 lbmol/hr)/2 = 49.5 lbmol/hr

Therefore, from Equation (a),

cAout
=

ṅAin
− rconsumption,A

V̇out

=
110 lbmol/hr − 99 lbmol/hr

308 f t3/hr
= 0.036

lbmol

f t3

(continued on the next page)
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EXAMPLE 9.3

(continued)

and from Equation (b),

cBout
=

ṅBin
− rconsumption,B

V̇out

=
68 lbmol/hr − 49.5 lbmol/hr

308 f t3/hr
= 0.060

lbmol

f t3

Finally, we equate rconsumption,A to the given rate expression times the reactor volume,

rconsumption,A = (kr cAout
cBout

)V

giving

V =
rconsumption,A

kr cAout
cBout

=
99 lbmol/hr

(

24.7
f t3

lbmol hr

)(

0.036
lbmol

f t3

)(

0.060
lbmol

f t3

)
= 1,860 f t3

Now let’s do the problem for the neutralization of HCl. The given information is

cHClin = 0.014 gmol/L, V̇HClin = 11,600 L/hr

cNaOHin
= 0.0254 gmol/L, V̇NaOHin

= 6,500 L/hr

The reaction is (see Equation 3.1)

HCl + NaOH → NaCl + H2O

and we will now add the information that the reaction rate equation is

rreaction,HCl = kr cHCl cNaOH in units of moles of HCl or NaOH/(volume time)

and we need the value of the reaction rate constant. The reaction rate constant is available

for the reaction of HCl and NaOH at 25◦C and is3

kreaction,HCl = 1.4×1011 L/gmol s

Because values for the rate constant are not available for other temperatures (nor is

an activation energy or a frequency factor available), we’ll estimate the size of the reac-

tor using the rate constant at 25◦C. We will be more likely to actually operate our reactor

at a higher temperature, such as the temperature that results from mixing the warm HCl

and the stored NaOH; we’ll show in the next chapter that the mixed temperature is ap-

proximately 50◦C. At this higher temperature, the reaction rate will be higher than at 25◦C
(consistent with Equation 9.3), so our calculation of the reactor size based on 25◦C will be

a conservative estimate (the calculated reactor size will be larger than actually needed).

The next step is to determine the necessary reactor volume. We will assume a CSTR

for this process. We make this assumption partly to keep our treatment within the scope

of this introductory book. This assumption also seems justified for this design problem,

because experience tells us that this is a fast reaction, and a CSTR should be adequate.

Finally, we also use the CSTR to provide the mixing mentioned in Chapter 8.

To size the CSTR, we need to specify the final HCl concentration we wish to have

coming out of the reactor. Using Utah state law as an example, the lowest pH allowable for

water added to a natural lake or river is 6.5. We have actually calculated a NaOH concen-

tration and flow rate that, if allowed to react fully, would result in a pH of 7.0 (complete

neutrality). However, our reactor only needs to be large enough to provide sufficient reac-

tion for satisfying the state law. Therefore, we need the concentration of HCl in the reactor
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to be

cHCl = 10−6.5 = 3.16×10−7 M

Now, we are ready to design the reactor. The working diagram is shown in Figure 9.6:

HCl + NaOH         H2O + NaCl

HCl: 0.014 gmol/L,  11600 L/hr

VoutcNaOHout

rate = (1.4x1011 L/gmol s) cHCl cNaOH
{NaOH: 0.025 gmol/L,  ~6500 L/hr

cHCl     = 3.16x10-7 gmol/Lout

Figure 9.6 Working diagram to design the CSTR to react HCl with NaOH

Using the same approach used in Example 9.3, where the convenient forms of the mo-

lar flow rate and total mass flow rate are already substituted into the balances,

•Mole balance on HCl cHClinV̇HClin = cHClout
V̇out + rconsumption,HCl (9.12)

•Mole balance on NaOH: cNaOHin
V̇NaOHin

= cNaOHout V̇out + rconsumption,NaOH (9.13)

•Total mass balance: V̇HClin + V̇NaOHin
= V̇out (9.14)

(with constant ρ)

•Additional relationships:

Stoichiometry:
rconsumption,HCl

rconsumption,NaOH
= 1

1
= 1 (9.15)

Molar flow rate balance: In Figure 9.6, the flow rate of the NaOH solution is given as

an approximate value. This is because we recognize that the pH of the final solution

is very sensitive to the balance between the HCl and the NaOH. Even the smallest

variations in that balance will send the pH up or down beyond the environmentally-

acceptable limits. Thus, we will vary the NaOH flow rate carefully as we monitor the

pH (discussed in Chapter 12). For the sake of our present calculation, we recognize

that we originally preset the inlet molar flow rate of NaOH to balance against the

molar flow rate of HCl, as reflected in Equation 5.15:

cNaOHin
V̇NaOHin

= cHClinV̇HClin (9.16)

These equations are now solved together as follows:

From Equation 9.14 V̇out = 11,600L/hr + 6,500L/hr = 18,100L/hr

Using this result in Equation 9.12,

rconsumption,HCl = cHClinV̇HClin − cHClout
V̇HClout

=

(

0.014
gmol

L

)(

11,600
L

hr

)

−
(

3.16×10−7 gmol

L

)(

18,100
L

hr

)

= 162
gmol

hr
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Substituting Equations 9.15 and 9.16 into Equation 9.13 and comparing with Equation

9.12 tells us that

cNaOHout = cHClout

We are finally ready to equate the rconsumption,HCl term with the reaction rate expression

times the reactor volume, or

rconsumption,HCl = (kr cHClout
cNaOHout ) V

giving

V =
rconsumption,HCl

kr cHClout
cNaOHout

=
162gmol/hr

(

1.4×1011 L
gmol s

)(

3.16×10−7 gmol
L

)(

3.16×10−7 gmol
L

)

(

1hr

3600s

)

= 3.22L

Clearly, this represents a very small reactor, especially considering that the flow rates of

the reacting streams combine to give 18,100 L/hr = 5 L/s. Also, remember that at 50◦C,

the reaction will proceed even more rapidly, and the required reactor size will be smaller

still. This calculation is simply telling us that the reaction proceeds so rapidly that only a

very small residence time in the reactor is needed to achieve the desired results. In fact, the

mixing together of the two streams in a pipe will provide the needed volume and time.

Our conclusion from this design exercise is that a sophisticated reactor will not be

necessary. Instead, the reactor function will be provided by the mixing point in the pipe

system where the HCl and the NaOH streams join together. Some provision should be

made at that junction to ensure rapid mixing so that the reaction is not hindered by the lack

of contact between HCl and NaOH molecules, as discussed in the previous chapter. While

adequate mixing may occur simply as a result of the flow patterns at the junction, some

device used to enhance that mixing, such as a simple inline mixer, may be advisable. The

process flow diagram for our process would now look like Figure 9.7:

HCl Tank

NaOH Tank

HCl from 
Manufacturing 
Process

Mixer
To Disposal

A
1

2 3

Flows kg/h 

Stream 
 
 
 

Line no. 
 
Component 

1 
Acid  
feed 

2 
Base  
feed 

3 
Mixer  
outlet 

HCl 

NaOH 

H2O 

Total 

6 

 

11594 

11600 

 

6 

6490 

6496 

 

 

18096 

18096 

 
ABC Chemical Co. 

Acid neutralization 

1x108 L/yr 

Sheet no. 1 

Dwg by            Date 

Checked           1 Sep.2010 

Figure 9.7 Process flow diagram for the acid neutralization process with an inline mixer
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♦ An Environmental Application of Reaction Engineering

As alluded to in the Grand Challenges briefly summa-

rized in Chapter 1, one disadvantage of burning fuels (e.g.,

coal or natural gas) to produce electrical power is the forma-

tion of pollutants. To understand this, let’s review the process

of producing such power.

In power plants, fuel is fed to large combustors where it

is combined with oxygen from the air to produce water and

carbon dioxide and a great deal of heat. The heat is used

to vaporize water into steam, which is then used in large

turbine-generators to produce electricity. The fuels are typi-

cally hydrocarbons, meaning compounds containing carbon

and hydrogen, which can be represented by the general for-

mula CnHm. An idealized reaction formula is

CnHm + (n+ 1
4 m)O2 → nCO2 + 1

2 mH2O

Test this formula by using it to write the reaction for the

burning of natural gas, which is principally methane (CH4,

i.e., n=1 and m=4).

During the combustion of the fuel, a number of unde-

sirable reactions also occur. At the high temperatures en-

countered in the combustors, nitrogen from the air and from

the fuel combines with oxygen to create various nitrogen

oxides, represented by NOx (x can have a number of val-

ues), all of which are toxic pollutants. In addition, “incom-

plete” reactions of hydrocarbons with oxygen can produce

carbon monoxide, which is also the reason that fuel-fired

space heaters or barbeque grills should never be used inside

homes, mobile homes, or camping tents.

As discussed in this chapter, the goal is to minimize the

formation of undesired products. In pursuit of that goal, chem-

ical engineers are involved in research to discover the tem-

peratures, concentrations, and other conditions in a com-

bustor that promote pollutant formation. Using both exper-

imental measurements and large computer programs, they

are learning how to modify the combustor design to mini-

mize that formation. Ultimately, such research will help to

develop methods for producing “clean energy.”
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READING QUESTIONS

1. Consider the gas-phase reaction

A + B → C

How would each of the following affect the rate of that reaction?

Explain each answer.

a. The temperature of the reaction is increased.

b. The pressure of the reaction is increased.

c. A catalyst specific to this reaction is added.

2. In your company, a particular reaction is produced in a

CSTR. The design group has come to you for advice concerning

the building of a new plant using this reaction. They propose to

use a reactor with only half the volume as the reactor in the

original plant and still produce the same amount of product.

Furthermore, the concentrations will probably be the same as in

the original plant. What kind of change could you propose that

would make this possible? Why would such a change work?

3. Suppose that the acid-neutralization process is carried out

by joining together the pipelines from the acid and base tanks

without the recommended inline mixer. Suppose further that pH

meters were positioned at two locations, 3 cm and 20 cm down-

stream from the junction of the pipelines, and that the pH 3 cm

from the junction fluctuated much more than the pH 20 cm from

the junction. What would these measurements indicate concern-

ing the value of an inline mixer? Explain your answer.
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HOMEWORK PROBLEMS

1. Show that for a rate equation of the form given in Equation

9.1, the units of kr are

(moles)1−n−m(volume)n+m+1(time)−1

where n and m are the exponents of the concentrations as shown

in that equation.

2. Show that for a rate equation of the form given in Equation

9.2 with the rate in units of pressure/time, the units of kr are

(pressure)1−n−m(time)−1

where “pressure” refers to any of the standard ways of express-

ing pressure (e.g., atmospheres) and where n and m are the ex-

ponents of the partial pressures as shown in that equation.

3. A reaction vessel is filled with a solution at 22.9◦C contain-

ing sulfuric acid and diethyl sulfate. The following reaction is

first-order in each reactant and occurs with an irreversible reac-

tion rate constant of 6.74×10−4 L/gmol s (from reference 1, p.

88):

H2SO4 + (C2H5)2SO4 → 2C2H5SO4H

sulfuric diethyl

acid sulfate

When the sulfuric acid concentration is 0.53 M and the diethyl

sulfate is at 0.28 M, what reaction rate will be observed?

4. A prevalent form of toxic pollutant NOx formed in power-

plant combustors is NO. Under favorable conditions, NO can be

decomposed (“reduced”) via the following reaction:

2NO → N2 + O2

At 1620 K, for a reaction rate expressed in gmol/L s and the

amount of NO expressed in atmospheres, the reaction rate con-

stant for this irreversible reaction is 0.0108 gmol/L s (atm)2

(from reference 2, p. 813).

a. Assuming that NO is the only reactant, use the units of

the rate constant to determine the order of this reaction

in terms of NO.

b. If a reactor is designed to reduce NO at a rate of 0.056

gmol/min L at 1620 K, what partial pressure of NO is

needed in the reactor?

5. For the acid-neutralization process, we calculated the reac-

tor size required for a reaction temperature of 25◦C. Estimate

the reactor volume for a reaction temperature of 5◦C (a cold

winter day) using the following values:

k0 = 5.2×1013 L/gmol s

Ea = 3500 cal/gmol

6. As an engineer in a production facility, your assignment is

to specify the size of a reactor needed to react a liquid stream (33

L/min) containing species G (concentration = 0.19 M). The goal

is to produce a reactor outlet stream with a concentration of G

equal to 0.04 M. To accomplish that, a second stream containing

species J (concentration = 1.3 M) is also to enter the reactor but

at 75% of the volumetric flow rate of the first stream, as shown.

Volume = ?

V = 33 L/min, cG = 0.19 M

cG = 0.04 M

cJ = 1.3 M

The irreversible reaction is

G + J → P

where the reaction rate only depends on species G according to

the following kinetic relation:

rreaction,G =

(

1.8
L

gmol/min

)

c2
G

Given these requirements, what size reactor (L) is needed to pro-

duce these results? (Assume equal densities for all streams.)

7. Butadiene sulfone (MW =118) can be produced by the fol-

lowing irreversible liquid-phase reaction at 190◦F and 160 psia:

Butadiene + SO2 → Butadiene Sufone

Pure SO2 is fed to the reactor in one stream. Pure butadiene

(MW =54) is fed separately into the reactor at a molar flow rate

that is 25% more than that required to react with all of the SO2,

and 70% of the entering butadiene is converted into product.

The density of the stream leaving the reactor is 42.2 lbm/ f t3.

a. For an SO2 flow rate of 100 lbmol/hr, determine the

volume of the CSTR required to achieve the specified

70% conversion. The rate of reaction is described by

rreaction,butadiene = krcbutadienecSO2

where kr = 4.44 f t3/lbmol hr.

b. Would the addition of an inert (non-reacting) liquid to

the butadiene feed increase the required reactor size, or

decrease it? Why?
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8. As a chemical engineer working for MedAid, Inc., you are

assigned to size a reactor for producing Agent X, a new chemi-

cal designed to combat killer viruses. X is produced by the fol-

lowing liquid-phase reaction:

A + Z → X

where the reaction rate is first-order in species A and first-order

in species Z (second-order overall) and is described by

rreaction,A = krcAcZ

The activation energy for the reaction is 31.5 kcal/gmol, and

ko = 2.0×1016 L/gmol s. Species A (MW = 102) and species

Z (MW = 76) are to enter the reactor at a rate of 22 gmol/s

and 27 gmol/s, respectively. An additional inert (non-reacting)

component, species I (MW = 25), also enters the reactor at a rate

of 38 gmol/s. The desired conversion of A in the reactor is 80%.

A single product stream leaves the reactor and has a density (as

a function of temperature) that is described by

ρproduct

(

g/cm3
)

= 1.2 − 0.0012(T −298)

where T is the temperature in units of K.

a. Use a spreadsheet to calculate the necessary reactor vol-

ume as a function of temperature for a range of tem-

peratures from 298 K to 375 K. The calculation should

be performed for at least 15 temperatures in this range.

Your answer should include a table (printed from the

spreadsheet) that provides values of kr, ρproduct , V̇product ,

rreaction,A, and Vreactor (in liters) as a function of temper-

ature. Note that the molar and mass flow rates are not a

function of temperature.

b. Does the required reactor volume increase with increas-

ing temperature, or decrease? Why?

c. At what temperature (within the specified range) would

you recommend operating the reactor? Why? What is

the required reactor volume at this temperature?

d. Is it feasible to operate the reactor at room temperature?

Why, or why not?

e. What practical or physical considerations not included

in the calculations might limit or influence the practical

operating temperature of the reactor? (List at least two.)



Chapter 10

Heat Transfer
(Cooling Down the Product)

10.1 ENERGY BALANCES FOR STEADY-STATE OPEN SYSTEMS

Up to now, we have developed a strategy to neutralize the process acid and have formu-

lated some details of the neutralization system, but we haven’t dealt with the temperature

of the neutralized acid. Let’s suppose that some data from the company indicate an average

temperature of 60◦C (140◦F) for the HCl byproduct as it comes from the manufacturing

process. The state requires that effluent discharged to a natural river or lake cannot exceed

27◦C in temperature. These facts lead to several questions:

1. Will the temperature of the mixture still exceed the government’s maximum-

temperature requirement even after the addition of the NaOH?

2. If so,

a. How much heat would still need to be removed to bring the temperature

down below the government’s maximum-temperature requirement?

b. What strategy should be used to remove the heat referred to in question 2a?

c. What other resources are needed to implement the strategy referred to in

question 2b?

To answer these questions, we first have to learn how to describe changes in the energy of

a material and the associated changes in temperature.

In your chemistry or physics classes, you were probably introduced to the First Law

of Thermodynamics for a closed system (a fixed volume or space with no streams entering

or leaving the system):

∆E = Q + W (10.1)

where

E = total energy of the system (units of energy)

Q = heat transferred from the environment to the system through the boundaries of

the volume (units of energy) over the interval of time during which E changes

W = work done on the system by the environment (units of energy) over the interval

of time during which E changes

The important message of Equation 10.1 is that energy is conserved. While one form of

energy may be converted to or from other forms of energy, it will never be created from

nothing or disappear into nothing. If work is done on a system, energy is utilized to provide

that work, and the result is an increased energy within the system. Similarly, if heat passes

across a system boundary into a system, it likewise shows up as increased energy within

157
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the system.

A similar balance can be written for open systems, systems with streams entering and

leaving. In this chapter, we restrict our attention to open systems that are also steady-state

systems, systems where the energy of the material does not change with time. With these

restrictions, the First Law of Thermodynamics for open systems can be written as

∑
out put
streams

{ṁÊ}out − ∑
input

streams

{ṁÊ}in = Q̇ + Ẇ
(10.2)

where
ṁ = mass flow rate of a stream (units of mass per time)

Ê = energy per mass of a stream of flowing material

Q̇ = rate of transfer of energy across the boundaries of a system into that system

(units of energy per time)

Ẇ = rate that work is done on a system (units of energy per time)

Briefly, Equation 10.2 states that for a steady-state open system, when the energy

of the outlet streams is greater than that of the inlet streams, that will be because heat was

transferred into the system through the boundaries or because work was done on the system

by the environment. Let’s explore the concept of energy a little further.

10.1.1 Energy (E)

In Chapter 7, we learned about two forms of energy (expressed per mass of material):

Kinetic energy: 1
2 αv2

Potential energy: gz

We now add a third form of energy, the “internal” energy per unit mass (usually given the

symbol Û). Just as a flowing stream has kinetic and potential energy, individual molecules

also have kinetic energy (from their individual motion) and potential energy (from the

attraction and repulsion between molecules). The sum of these molecular energies is ex-

pressed as the internal energy of the material, which is a strong function of temperature.

Now, the total energy per mass of material is

Êtotal = Êinternal + Êkinetic + Êpotential = Û + 1
2 αv2 + gz (10.3)

The units of energy are the same as you have studied in your chemistry and physics courses,

and are summarized in Table 10.1.

Table 10.1 Units of Energy

System of Units Energy Unit Definition/Conversion

cgs erg 1erg ≡ 1gcm2/s2

calories (cal) 1cal = 4.182×107 erg

SI Joules (J) 1J ≡ 1kgm2/s2

American British thermal unit (Btu) 1Btu = 1055J
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We now can substitute our definition of Ê (Equation 10.3) into the First Law of Ther-

modynamics for open systems (Equation 10.2), giving:

∑
out put
streams

ṁ
[

Û + 1
2 αv2 + gz

]

out
− ∑

input
streams

ṁ
[

Û + 1
2 αv2 + gz

]

in
= Q̇ + Ẇ

(10.4)

At this point, you are probably wondering where all this is headed. In a nutshell, we

need some way of calculating the transfer of heat, and thus the temperature, of streams in

a chemical process. The energy balance just derived will form the basis for the relation-

ships needed to perform these calculations. Before proceeding further, let’s examine more

closely a couple of quantities that appear in the steady-state energy balance, Q̇ and Ẇ .

10.1.2 Rate of Heat Transfer (Q̇)

In Equations 10.2 and 10.4, Q̇ represents the rate of heat transfer (energy per time)

entering a system through the system boundaries. Thus, the sign of Q̇ is positive if energy

is entering the system, and negative if energy is leaving the system. The major mechanisms

of this heat transfer are conduction transfer, convection transfer, and radiation transfer.

conduction: Heat will transfer through a stationary medium when one location in the

medium is at a higher temperature than another location (Figure 10.1).

T1 T2

x1 x2x

Figure 10.1 Heat transfer by conduction in the x direction when the temperature in one region (T1)

is greater than in another (T2)

One example of such transfer would be inside the metal at the bottom of a cooking

pan. Conduction occurs as molecules transfer energy to their neighboring molecules

through vibrational collisions. The rate of energy transfer by conduction in a cer-

tain direction (let’s call it the x direction) is described by a simplified version of

Fourier’s Law of Heat Conduction, which looks a great deal like Fick’s Law for

mass diffusion (Equation 8.1):

Simplified Version

of Fourier’s Law

of Heat Conduction

Q̇cond,x = −kA
T2 − T1

x2 − x1
= −kA

∆T

∆x
(10.5)

where
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Q̇cond,x = conduction heat-transfer rate (energy transferred per time, e.g., J/s)

through area A in the x direction between locations 1 and 2 (may have

a negative value if conduction occurs in the −x direction)

A = cross-sectional area through which conduction occurs

k = the thermal conductivity of the material, with units of energy per time

per length per temperature (e.g., W/m K) (Note: The unit W or Watts is

equivalent to the units of energy per time)

T = temperature

The thermal conductivity, k, expresses how readily heat conducts through a material;

for a given temperature gradient, a higher value of k leads to more heat transfer, and

a lower value leads to less heat transfer. From your experience, you will already

recognize that some materials, such as metals, have high thermal conductivities,

and that other materials, such as those used for insulation, have low values. From

representative values of the thermal conductivity given in Table 10.2, it is clear

that air is an excellent insulator. In fact, insulation materials such as fiberglass and

double-pane windows derive their insulation value by trapping small pockets of air.

Table 10.2 Approximate Values of k (W/m K) @ 300 K (from reference 1)

Air 0.026

Wood 0.12

Plaster board 0.17

Water 0.61

Brick 0.72

Glass 1.4

Aluminum 237

The ratio ∆T/∆x in Equation 10.5 represents the rate of change of temperature as

we move in the x direction. In other words, there will be more conduction if there is

a large temperature difference over a small distance. Furthermore, the negative sign

in Equation 10.5 indicates that if ∆T/∆x is positive (the temperature is increasing in

the x direction), the heat will conduct in the negative −x direction (it will conduct

in the direction of decreasing temperature).

convection: If a fluid flows along a surface and is at a temperature different from the

temperature of that surface, heat will transfer to or away from that surface (Figure

10.2).

Tsurface Tbulk fluid

Fluid Flow

Figure 10.2 Heat transfer by convection from a hot surface to a cooler flowing fluid
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The rate of convection heat transfer will increase as the velocity of the fluid in-

creases. Thus, on a cold winter day, our bodies lose heat faster when the wind is

blowing than when there is no wind. The mathematical expression used to describe

the rate of heat convection is very similar to the law describing mass convection

(see Chapter 8):

Convection

Heat Transfer
Q̇conv = hA(Tsur f ace − Tbulk f luid) (10.6)

where

Q̇conv = convection heat-transfer rate (energy transferred per time, e.g., J/s)

through area A from the surface to the bulk fluid (may have a nega-

tive value if the bulk fluid is hotter than the surface)

h = heat-transfer coefficient, including the effects of the system geometry,

the nature of the fluid, and the flow characteristics of the fluid (units of

energy per time per area per temperature (e.g., W/m2 K)

A = cross-sectional area through which convection occurs

T = temperature

In your later courses in heat transfer, you will learn how the heat-transfer coefficient

is estimated for a given surface geometry and given fluid flow conditions.

radiation: All surfaces radiate heat as electromagnetic waves (Figure 10.3).

Tsurface

Electromagnetic 
Radiation

Figure 10.3 Heat transfer by radiation from a surface

Heat transfer by radiation does not require a medium or material for the transfer to

take place and can even take place through a vacuum (such as the sun radiating its

heat through outer space to the earth). The rate of transfer from a given surface to

its surroundings is approximately described by Equation 10.7.

Radiation

Heat Transfer
Q̇rad = εσAT 4

sur f ace (10.7)

where

Q̇rad = radiation heat-transfer rate (energy transferred per time, e.g., J/s)

through area A from location 1 to location 2

ε = emissivity, which indicates how well the surface emits radiation com-

pared with a “perfect” radiator (unit-less)

σ = Stefan-Boltzmann constant (equals 5.67×10−8 W/m2 K4)

A = cross-sectional area from which radiation occurs

T = absolute surface temperature
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The radiation from a surface depends on the fourth power of the absolute (e.g., units

of Kelvin) surface temperature. This fourth-power dependence is the reason that

radiation from a surface is not very large at temperatures around room temperature

or lower but rapidly becomes important as surface temperatures increase.

It’s important to note that while a surface radiates energy to the environment

around it, the environment radiates energy back to that surface, and the net transfer

is the difference between those two amounts. When a surface radiates more heat

away than it receives from other surfaces, then a net transfer from the surface takes

place by radiation, and when a surface receives more heat from other surfaces than

it radiates away, a net transfer to the surface takes place by radiation. This is why we

feel warmer in the sun than we do in the shade, and why the black asphalt (which

receives more radiation than it gives off) is so hot on a summer day. The actual

calculation of the transfer between surfaces and their environment is too complex

for this introductory text and will not be treated here.

In Equation 10.2, Q̇ is the net transfer of heat into the system across the boundaries

(there may be some transfer in and some transfer out). So, if the heat transfer across the

boundaries by conduction, convection, and radiation adds up to a net input, Q̇ will be

positive. If, however, the total heat transfer from these mechanisms is a net output from the

system, Q̇ will be negative.

NOTICE

IMPORTANT 
MESSAGE

Make sure you

understand

this!

Note that both the thermal conductivity (k) (Equation 10.5) and the heat-transfer coef-

ficient (h) (Equation 10.6) are multiplied by the difference of two temperatures. Therefore,

the temperature designation in the denominator of the units of k and h is a temperature dif-

ference. The conversion of a temperature difference to a different scale is not the same as

the conversion of a temperature, as illustrated in Figure 10.4. For example, a temperature

difference is the same whether expressed in the Centigrade or the Kelvin scale (remember,

temperature in Kelvin equals temperature in degrees Centigrade plus 273.15; see Figure

10.4). But the temperature difference in Fahrenheit is equal to 1.8 times the temperature

difference in Centigrade, as shown in Figure 10.4. In other words, the conversion factors

for temperature differences are

1◦C (difference)

1K (difference)
and

1.8◦F (difference)

1◦C (difference)

K
473.15

423.15

373.15

323.15

273.15

200

150

100

50

0

T(K) = T( ) + 273.15

1 (diff.) = 1 K (diff.)

400

300

200

100

0

200

150

100

50

0

 = 1.8T( ) + 32

1 (diff.) = 1.8 (diff.)

Figure 10.4 Relationship between temperatures and temperature differences
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The following example illustrates the conversion of temperature differences:

EXAMPLE 10.1 A typical value for the thermal conductivity of steel is 53 W/m K. What is the corresponding value

in units of Btu/hr ft ◦F? (Note: W is a unit of power, and it is assumed that you know how to convert

seconds to hours.)

SOLUTION

k = 53
W

mK

(

9.478×10−4 Btu/s

W

)(

0.3048m

f t

)(

3600s

hr

)(

1K (difference)

1◦C (difference)

)(

1◦C (difference)

1.8◦F (difference)

)

= 31
Btu

hr f t ◦F

10.1.2 Rate of Work (Ẇ )

When external forces do work on a fluid, the energy of that fluid increases. For ex-

ample, when a pump does work on a fluid, that work increases fluid velocities, potential

energy, and/or fluid temperature. Fluids can also do work on their environment, and thereby

lose energy.

With open systems, we usually consider two kinds of work, shaft work and flow work.

rate of shaft work (Ẇs): When the flowing fluid in a system contacts moving parts,

work is performed. This is the same shaft work introduced in Chapter 7 and used

in the mechanical energy equation, except that we now express it in units of energy

per time and use a dotted capital Ẇ rather than the lower-case w used in Chapter

7 to represent energy per mass of fluid. As in Chapter 7, shaft work for our energy

balance is defined as work done on the system and is positive when the net work

is indeed on the system (such as in a pump, where the moving parts are driven

by external forces and thereby “push” the fluid). Similarly, the shaft work has a

negative value when the net work is done by the fluid (such as in a turbine, where

the fluid causes the parts to move).

rate of flow work (ẆPV ): This work results from the displacement of fluid during

flow and is similar to the pressure-volume work associated with the compression or

expansion of a closed system. However, in the case of an open system (with inlet

and outlet streams), the flow of fluid into and out of a system represents a continual

performance of work as upstream fluid “pushes” fluid into the system entrance and

the fluid in the system “pushes” downstream fluid out of the system exit. This work

is calculated from Equation 10.8:

ẆPV = ∑
input

streams

(PV̇ )in − ∑
out put
streams

(PV̇ )out = ∑
input

streams

(ṁPV̂)in − ∑
out put
streams

(ṁPV̂ )out (10.8)

where V̂ is the volume per unit mass of the stream (which, incidentally, also equals

1/ρ).

Summarizing this description of work, we will say that

Ẇ = Ẇs + ẆPV (10.9)
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Inserting the information from Equation 10.9 into the open-system energy balance

(Equation 10.4) gives us

∑
out put
streams

{

ṁ
[

Û + 1
2 αv2 + gz

]}

out
− ∑

input
streams

{

ṁ
[

Û + 1
2 αv2 + gz

]}

in
= Q̇+Ẇs +ẆPV (10.10)

Further substitution of Equation 10.8 into Equation 10.10 and rearrangement gives

∑
out put
streams

{

ṁ
[

Û + PV̂ + 1
2 αv2 + gz

]}

out
− ∑

input
streams

{

ṁ
[

Û + PV̂ + 1
2 αv2 + gz

]}

in

= Q̇ + Ẇs (10.11)

It turns out that Equation 10.11 is a more complete expression for the energy balance,

of which the mechanical energy equation introduced in Chapter 7 is a subset. Note that the

term PV̂ in Equation 10.11 is the same as the term P/ρ in Equation 7.8. Also, it turns out

that w f can be derived from Û and Q̇.

The internal energy is often combined with the flow work into a property called the

“enthalpy,” represented by the symbol Ĥ and defined as

Ĥ = Û + PV̂ (10.12)

Substituting Equation 10.12 into 10.11 results in the most common form of the steady-state

open-system energy balance:

NOTICE

IMPORTANT 
EQUATION

Energy Balance

for Steady-State

Systems

∑
out put
streams

{

ṁ
[

Ĥ + 1
2 αv2 + gz

]}

out
− ∑

input
streams

{

ṁ
[

Ĥ + 1
2 αv2 + gz

]}

in
= Q̇ + Ẇs

(10.13)

10.2 APPLICATIONS OF THE STEADY-STATE ENERGY BALANCE

Equation 10.13 represents a general form of the steady-state energy balance that is

applicable to a broad range of problems and is applied extensively in upper-level chemical

engineering courses. In this section, we will consider some simple applications, and we

will begin by deriving a simplified form of Equation 10.13. First of all, for problems where

we are trying to determine Ĥ or Q̇, the magnitudes of the kinetic energy and potential

energy terms are typically small compared with the other terms of Equation 10.13 and

therefore can be neglected. In addition, the applications we will consider do not include

the performance of shaft work, so our simplified balance will not include Ẇs. Hence, a

steady-state energy balance with negligible change in kinetic and potential energies and

with no shaft work is

∑
out put
streams

(

ṁĤ
)

out
− ∑

input
streams

(

ṁĤ
)

in
= Q̇

(10.14)

Equation 10.14 can be used in processes where phenomena such as heating/cooling,

phase changes, or chemical reactions occur simultaneously. However, for the purpose of
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this introductory book, we will limit our treatment to processes where only one of these

phenomena is occurring. We will therefore simplify Equation 10.14 to develop a specific

equation for each of the following: (1) sensible heating or cooling, (2) phase changes, and

(3) chemical reactions.

10.2.1 Scenario #1: Sensible Heating or Cooling

When a material is warmed or cooled without a phase change, we call this process

sensible heating or cooling. Figure 10.5 depicts sensible heating; note that Q̇ is positive

when heat is added to the process. How would Figure 10.5 be changed to represent sensible

cooling?

Tin Tout

Q

No phase change

Tout > Tin

Figure 10.5 Sensible heating

To use Equation 10.14, it is necessary to calculate the enthalpy of the input and output

streams. For sensible heating/cooling, the specific enthalpy, Ĥ, can be approximated as

specific enthalpy = Ĥ ≈ C̄p(T −Tre f ) (10.15)

where C̄p is the heat capacity of the fluid averaged over the temperature range from a

reference temperature, Tre f , to the temperature T . The heat capacity expresses the amount

of energy needed to raise the temperature of a unit mass (e.g., 1 gram) of the fluid by a

defined amount (e.g., 1.0◦C) at constant pressure. The units of C̄p are energy per mass per

temperature change, such as cal/g◦C or Btu/lbm
◦F . Different substances have different heat

capacities. For example, the heat capacity of water at 25◦C equals 1 cal/g◦C. Materials with

large heat capacities (e.g., most solids and liquids) require large amounts of heat to raise

their temperature. In contrast, much less heat is required to produce the same increase in

temperature in materials with small heat capacities (e.g., most gases). In the units of heat

capacity, the temperature unit in the denominator is a temperature change and must be

handled in the same way as discussed for the units of k and h (see Figure 10.4).

The reference temperature is typically chosen to be 25◦C and is the temperature at

which the value of the enthalpy is defined as zero. Therefore, for all problems in this book,

we will assume that Tre f equals 25◦C for all substances unless stated otherwise.

Substituting Equation 10.15 into Equation 10.14 gives us our steady-state energy bal-

ance for sensible heating or cooling:

Sensible Heating or

Cooling

∑
out put
streams

ṁC̄p(T −Tre f ) − ∑
input

streams

ṁC̄p(T −Tre f ) = Q̇
(10.16)

Equation 10.16 is typically used to determine the amount of heat that must be trans-

ferred to achieve a specified temperature change or, alternatively, for determining one or

more temperatures that would result from a given heat addition/removal. It is often used in

conjunction with material balances, since material balances may be needed to determine

unknown flow rates in a heat-transfer problem, as illustrated in the following example:
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EXAMPLE 10.2 Motor oil is being blended in a steady-state process where the feed streams to the process are two oil

stocks and an additive. The properties of the feed streams are

Mass flow rate Heat capacity Temperature

(kg/min) (kJ/kg K) (◦C)

Oil #1 18.3 2.11 105

Oil #2 13.9 2.32 112

Additive 1.4 1.87 93

a. If no heat is added to or removed from the process, what is the temperature of the product

stream?

b. If the temperature of the product stream must be 78◦C, how much heat must be added or

removed from the process?

The heat capacity of the resulting product stream equals 2.19 kJ/kg K, and the reference temperature

for all streams is 25◦C.

SOLUTION The drawing for this problem is

Product: 2.19 kJ/kg K
Tproduct     mproduct

Oil #1: 18.3 kg/min, 2.11 kJ/kg K, 105

Q

Oil #2: 13.9 kg/min, 2.32 kJ/kg K, 112

Additive: 1.4 kg/min, 1.87 kJ/kg K, 93

We begin with a material balance such as in Equation 5.3, which tells us that

ṁproduct = ṁout = ∑ ṁin = 18.3 + 13.9 + 1.4 = 33.6
kg

min

Also, we review Equation 10.16 again, which stipulates that

∑
out put
streams

ṁC̄p(T − Tre f ) − ∑
input

streams

ṁC̄p(T − Tre f ) = Q̇

a. In the case where no heat is added or removed, the term Q̇ in Equation 10.16 equals 0 (we call

this kind of process adiabatic), so substituting the other values gives

(33.6 kg/min)(2.19kJ/kgK)(Tproduct −25◦C)− (18.3kg/min)(2.11kJ/kgK)(105−25◦C)

−(13.9 kg/min)(2.32 kJ/kgK)(112−25◦C)− (1.4 kg/min)(1.87kJ/kgK)(93−25◦C) = 0

which gives

(33.6 kg/min)(2.19kJ/kgK)(Tproduct −25◦C)−6073kJ/min = 0; Tproduct = 108◦C

Notice: Because the Kelvin unit in the denominator of the heat capacity is a temperature dif-

ference, its value is the same as a difference in degrees Centigrade. Hence, it cancelled the

Centigrade temperature unit when multiplied by the temperature.

(continued on the next page)



10.2 Applications of the Steady-State Energy Balance 167

EXAMPLE 10.2

(continued)
b. In the case where the product temperature must be 78◦C and heat may be added or removed,

Equation 10.16 becomes

(33.6 kg/min)(2.19kJ/kgK)(78−25◦C)− (18.3kg/min)(2.11kJ/kgK)(105−25◦C) −

(13.9 kg/min)(2.32 kJ/kgK)(112−25◦C)− (1.4 kg /min)(1.87kJ/kgK)(93−25◦C) = Q̇

which gives Q̇ = −2173 kJ/min

The negative value for Q̇ indicates that heat must be removed, so we conclude that 2173 kJ/min

must be removed from the process.

10.2.2 Scenario #2: Phase Changes

Chemical processes often include the change of a material between the three phases:

solid, liquid, and vapor. For example, water can be in the form of solid (ice), liquid, or

vapor (steam). Such processes involve the addition or removal of heat (such as adding heat

to melt ice).

The three combinations of phases between which a change can occur are as follows:

1. Liquid to vapor (vaporization) or vapor to liquid (condensation)

2. Solid to liquid (melting) or liquid to solid (freezing)

3. Solid to vapor (sublimation) or vapor to solid (solid condensation)

For a single-component pure substance, such a change in phase takes place at constant

temperature and can be depicted as shown in Figure 10.6.

Tin Tout

Q

Phase change
Tout = Tin 

Figure 10.6 Phase change

Each phase change occurs at a specific temperature (boiling point, melting point, sub-

limation point) and will not take place unless the material is at that temperature. For exam-

ple, the addition of heat to a liquid will increase its temperature (sensible heating) until it

reaches its boiling point. Once the boiling point has been reached, the temperature of the

liquid remains constant, and the addition of any more heat causes the liquid to vaporize

(boil). In other words, any additional energy is used to vaporize the liquid (i.e., change the

phase from liquid to vapor) rather than to raise its temperature. A pure liquid at its boiling

point is called a saturated liquid. Similarly, a vapor cooled to its boiling point becomes a

saturated vapor, since the removal of additional heat will cause condensation. Note that

some of the phase-change temperatures described above (e.g., the boiling point) vary sig-

nificantly with pressure.

Each change in phase also is associated with a change in the specific enthalpy (Ĥ) of

the material. The enthalpy change has various names, depending upon the phases involved
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and the historical development of such names; some common names are included in Table

10.3. In each case, the ∆Ĥ term usually has units of energy per mass of material undergoing

the phase change (it may also be expressed per mole of material). The enthalpy changes

and temperatures discussed in this paragraph and the preceding paragraph are summarized

in Table 10.3. Also note that the values of ∆Ĥvap, ∆Ĥm, and ∆Ĥs can be found in standard

reference books.

Table 10.3 Common Terminology Associated with Changes in Phase

Process Common names for ∆Ĥphase change

temperature of phase change

Vaporization (boiling) boiling point ∆Ĥvap

Condensation boiling point −∆Ĥvap

Melting melting point or freezing point ∆Ĥ f usion or ∆Ĥm

Freezing melting point or freezing point −∆Ĥ f usion or −∆Ĥm

Sublimation sublimation point ∆Ĥs

Solid condensation sublimation point −∆Ĥs

In this book, we will only consider processes involving phase changes with only one

inlet stream and one outlet stream (as shown in Figure 10.6) and where the phase change

occurs isothermally at the temperature for which we have a value for ∆Ĥphase change. In such

cases,

Ĥout − Ĥin = ∆Ĥphasechange (10.17)

where ∆Ĥphase change is in units of energy per mass, the same as for Ĥ. Substituting Equation

10.17 into Equation 10.14 gives us our steady-state energy balance for phase change:

Phase Change ṁphasechange ∆Ĥphasechange = Q̇ (10.18)

where ṁphase change is the mass flow rate of material undergoing the phase change (which

might not equal the total mass flow rate into the process). Note also that we must be care-

ful how we relate ∆Ĥphase change to available data and how we interpret Q̇. For example, if

we are vaporizing water where the inlet stream is water and the outlet stream is steam at

the same temperature, ∆Ĥphase change = ∆Ĥvap, and Q̇ has a positive value, since we must

add heat to the system. On the other hand, if we are condensing steam to form water,

∆Ĥphase change = −∆Ĥvap, and heat must be removed (Q̇ has a negative value). Also re-

member that Equation 10.18 applies only to systems with a single inlet and single outlet

stream.

Typically, we use Equation 10.18 to determine the amount of heat transfer (Q̇) asso-

ciated with a phase change for a certain flow rate of material, or we use it to determine

the amount of material (e.g., ṁ) that must undergo a phase change to match a certain rate

of heat transfer. For example, we might want to calculate the amount of heat required to

generate a desired amount of steam, as shown in the following example:
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EXAMPLE 10.3 A steady-state boiler produces steam from a waste-water stream. The water enters the boiler as sat-

urated water at 5.7 atm and 430 K (the boiling point of water at 5.7 atm), and the steam exits the

boiler as saturated steam at that same temperature and pressure. The properties of importance are

Mass flow rate: 8150 kg/hr

Heat of vaporization at 5.7 atm and 430 K: 2091 kJ/kg

How much heat must be added to the process? (Notice that the boiling point and heat of vaporization

are dependent on pressure, so it was necessary to know their values for the operating pressure of the

process. These were provided for this problem and will be provided in similar problems in his book.)

SOLUTION The diagram for this process is

Q

Saturated Water (liquid) Boiler
5.7 atm, 430 K

Saturated Water (vapor)
5.7 atm, 430 K

Again, Equation 10.18 stipulates

ṁphasechange ∆Ĥphasechange = Q̇

which can be applied directly, yielding

(8150kg/hr)(2091kJ/kg) = Q̇

or

Q̇ = 17×106 kJ/hr

Notice that heat is being added to the process, so Q̇ is a positive value.

10.2.3 Scenario #3: Chemical Reactions

Most chemical reactions produce an enthalpy change, designated as ∆H̃reaction,A, ex-

pressed here in units of energy per moles of species A reacted (it could also be expressed

per mass of species A reacted, but the equation we derive would be slightly different).

Positive values of ∆H̃reaction,A indicate that the reaction absorbs heat (i.e., the reaction is

endothermic). Similarly, negative values of ∆H̃reaction,A indicate that the reaction gives off

heat (i.e., the reaction is exothermic). In this book, we will only consider processes where

only one reaction occurs and where the reaction mixture stays at the temperature for which

we have a value for ∆H̃reaction,A through the addition or removal of heat.

Tin Tout

Q

Reactants Tout = Tin ProductsReactor

Figure 10.7 Chemical reaction
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In such cases, the left-hand side of Equation 10.14 becomes

∑
out put
streams

(

ṁĤ
)

out
− ∑

input
streams

(

ṁĤ
)

in
=

(

moles A reacted

time

)

∆H̃reaction,A = rconsumption,A ∆H̃reaction,A

where rconsumption,A is determined from material balances as discussed in Chapter 5. Set-

ting this equal to the right-hand side of Equation 10.14, we obtain our steady-state energy

balance for chemical reaction:

Chemical Reaction
rconsumption,A ∆H̃reaction,A = Q̇ (10.20)

Q̇ in Equation 10.20 represents the rate at which heat is produced or consumed by the

chemical reaction. One use of Equation 10.20 would be to determine the amount of heat

that must be removed or added to maintain the reactor at a constant temperature.

EXAMPLE 10.4 Toluene at 1200◦F is fed to a reactor at 373 lbmol/hr where 75% of it reacts with hydrogen to form

benzene by the following reaction:

Toluene + H2 → Benzene + CH4

The H2 enters the reactor as a separate feed stream (also at 1200◦F) at three times the rate required

to react with all of the toluene. The reactor is maintained at 1200◦F and 500 psia, and the heat of

reaction is −21,540Btu/lbmol of toluene reacted.

a. In which direction (addition or removal) would heat need to be transferred relative to the

reactor to keep the temperature constant in the reactor?

b. How much heat (expressed as Btu/hr) would need to be added or removed?

Hint: You may not need all of the above information to solve this problem.

SOLUTION The diagram is

Q

H2, F

F3  amount  to 
react with all toluene Products

500 psia
F

373 lbmol/hr

Toluene conversion = 75%

Hreaction,toluene =
 Btu

lbmol toluene reacted.

a. Since the value of ∆H̃reaction,toluene is negative, the reaction is exothermic. Thus, we will need

to remove heat to prevent the temperature from increasing.

b. From the relationship between conversion and input given in the “Guidelines for Solving Ma-

terial Balance Problems Involving Multiple Species” in Chapter 5,

rconsumption,toluene = X ∑
input

streams

ṅtoluene,in = (0.75)

(

373
lbmol

hr

)

= 280
lbmol

hr

(continued on the next page)
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EXAMPLE 10.4

(continued)

Once again, Equation 10.20 stipulates

rconsumption,A ∆H̃reaction,A = Q̇

which becomes

(

280
lbmol

hr

)(

−21,540
Btu

lbmol

)

= −6.03×106 Btu

hr
= Q̇

SAFETY NOTES

Preventing Runaway

Reactions

Some chemical reactions are exothermic (give off heat). In a reactor where an

exothermic reaction proceeds, the temperature will rise unless adequate controls are

in place to remove the heat. If such controls are not adequate, the temperature could

continue rising (called a “runaway reaction”) until (1) a liquid begins to vaporize,

creating excessive pressure, (2) components of the reactor vessel begin to melt or va-

porize, or (3) ignition or other undesired reactions are initiated. These consequences

of the uncontrolled rising temperature could lead to fires, explosions, and other po-

tential disasters that endanger life and property, and the history of the chemical pro-

cess industry includes stories of such sad events.

To maintain desired conditions and to avoid “runaway reactions,” heat-removal

systems must be in place. But those systems must not only be functional and ade-

quately sized for day-to-day operations but must be capable of handling worst-case

scenarios (e.g., if the power to part of the process turns off, or if the flow rate of

a cooling fluid is interrupted). Thus, multi-system controls are often incorporated,

whereby a secondary cooling system can take over if a primary system is completely

disabled. Chemical engineers are often called upon to identify possible component

failures in a reactor unit and to design safety systems that will prevent “runaway

reactions” in every foreseeable failure scenario.

10.2.4 Application to the Acid-Neutralization Problem

Now let’s apply what we’ve learned to the acid-neutralization problem. We will begin

by reviewing the combining of the HCl and NaOH streams originally presented in Figure

9.6. The streams are shown again in Figure 10.8, where concentrations have been replaced

by temperatures and the reactor has been replaced by a mixer.

VNaOH i
TNaOHi

THClfTHCl i
VHCl i

Mixer

Figure 10.8 The flow rates and temperatures of the HCl, NaOH, and final streams
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In this problem, we know that the concentrations of the acid and base are relatively dilute,

so we are justified in neglecting the heat effects from the reaction itself. Thus, we will

treat this as a mixing of two streams of different temperature, which is a sensible heating

problem (Section 10.2.1). Further, we will assume that conduction through the walls and

convection and radiation from the walls of the pipes and mixer will not be important.

Thus, the Q̇ term in Equation 10.16 will be 0. As before, we will assume that kinetic and

potential energy considerations will be negligible when compared with the other energy

terms (again, this is usually true for liquid streams under typical conditions). Furthermore,

there is no significant shaft work being done on the fluid (even where a stirrer is operating,

the stirring does not produce significant work on the fluid). As a result, Equation 10.16 is

directly applicable to this problem and becomes

{V̇ρCp(T −Tre f )} f −{V̇ρCp(T − Tre f )}HCl −{V̇ρCp(T −Tre f )}NaOH = 0 (10.21)

Finally, we can assume that the three streams (NaOH stream, HCl stream, and final stream)

are all very dilute, have the same reference temperature, and have approximately the same

heat capacity and density as water. Also, from Equation 5.3, with the substitution of ṁ =
ρV̇ and for constant density,

V̇ f = V̇HCli + V̇NaOHi
(10.22)

You should verify that the application of these assumptions and insertion of Equation 10.22

into Equation 10.21, followed by some rearrangement, gives:

Tf =
V̇HCli THCli + V̇NaOHi

TNaOHi

V̇HCli + V̇NaOHi

(10.23)

We can now answer question #1 posed at the beginning of this chapter, namely whether

the temperature of the HCl-NaOH mixture (the reactor outlet) will still exceed the state

maximum temperature requirement.

The NaOH solution that we will mix with the acid solution will be stored in a tank,

and its temperature will vary as the temperature in the surrounding air varies. Since we

want always to be in compliance with the governmental regulation, we should perform all

design calculations for the worst-case situation. In this case, the worst case will be when

the stored NaOH solution is at its highest temperature (say, during the warmest part of the

summer), which we will estimate as being 32◦C (i.e., TNaOHi
= 32◦C).

Also, from the spreadsheet calculation in Chapter 6, we estimated the average flow

rate of NaOH (V̇NaOHi
) to be 6500 L/hr.

Substituting these values into Equation 10.23 gives

Tf =
(11600L /hr)(60◦C)+ (6500L/hr)(32◦C)

11600L /hr + 6500L/hr
= 49.9◦C

Since this temperature is still significantly higher than the governmental specification of

27◦C for maximum temperature, it is clear that some additional measure will need to be

taken to cool the final mixture to the required temperature.

10.2.5 Summarizing the Procedure for Using the Energy Balance

We apply energy balance equations in the same manner that we learned to apply other

general balance equations, such as the material balance equations. The steps have been

illustrated in the example problems, but we now present a formal list of steps similar to the

one given in Chapter 5:
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!
IMPORTANT

SUMMARY!

Steps for Analyzing

Energy Balance
Problems

1. Draw a diagram if one is not already available.

2. Write all known quantities (flow rates, densities, etc.) in the appropriate loca-

tions on the diagram. If symbols are used to designate known quantities, include

those symbols on the diagram.

3. Identify and assign symbols to all unknown quantities and write them in the

appropriate locations on the diagram.

4. Write the appropriate simplified energy balance (Equation 10.16, 10.18, or

10.20) depending on whether the problem involves sensible heating/cooling,

phase change, or chemical reaction. Along with the balance equation, write down

the given information associated with that equation, such as average heat capac-

ities, enthalpy changes for a phase change, or enthalpy changes of reaction.

5. Construct appropriate material balance equations to aid in determining un-

known flow rates or other material-related information. Continue to seek such

equations, as needed, until the total number of equations equals the number of

unknowns. In constructing the material balances, use the principles outlined in

Chapter 5.

6. Solve the equations to determine the desired unknown quantities.

10.3 HEAT-EXCHANGE DEVICES

There are numerous methods for increasing or decreasing the temperature of a fluid.

The heating of fluids to extremely high temperatures is typically accomplished using a

fuel-fired furnace through which the fluid is directed. Also, the cooling of fluids to low

temperatures usually requires the use of chillers, which operate on the same principles as

your household freezer. Both of these methods require significant energy and expense to

operate. When more moderate heating or cooling of a stream is required, a cost-effective

method is to exchange heat with another stream that is hotter or cooler than the target

stream. The other stream can be one that is already part of the process (process stream) or

can be a stream that is brought in just for heating or cooling (called a utility stream), such

as steam or cooling water.

A heat exchanger is a device designed to exchange heat between two flowing streams.

In these devices, the streams flow through the exchanger separated by a conducting wall

through which the heat can pass from the hot stream to the cold stream. This principle is

illustrated in Figure 10.9 in schematic form.

Hot stream in

Cold stream out

Hot stream out

Cold stream in

Heat transferred Conducting wall

Figure 10.9 Schematic diagram illustrating the principle of heat-exchanger operation
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The simplest type of heat exchanger is the concentric-tube heat exchanger (Figure

10.10), which consists of one pipe surrounding another. The figure shows the hot fluid

carried by the central pipe and the cold fluid flowing through the annular space outside

the inner pipe, but the location of the hot and cold streams could also be the other way

around. The exploded view highlights the fact that heat transfer occurs by convection from

the hot fluid to the pipe wall, then by conduction through that pipe wall, and then again by

convection from the pipe wall into the cold fluid. A variation of this kind of heat exchanger

is the shell-and-tube heat exchanger, which has a much larger outer pipe (shell) and a

bundle of many tubes passing through that shell. Another variation is the parallel-plate

exchanger, in which the cold and hot fluids flow on opposite sides of conducting barriers

in the narrow spaces between parallel plates.

One variable affecting the performance of heat exchangers is the direction of fluid

flow. For example, Figure 10.11a shows both hot and cold fluids entering the exchanger

on the same end and flowing in the same direction along the exchanger. This arrangement

is called co-current, or parallel, flow. In this arrangement, the temperature difference be-

tween the two fluids is a maximum at the point where the two fluids enter the exchanger,

but that temperature difference decreases significantly as the fluids move through the ex-

changer. The plumbing could be reversed for one of the fluids so that the fluids flow in

opposite directions in what is called countercurrent flow (Figure 10.11b). In this case, the

temperature difference between the two fluids does not vary as dramatically as in the co-

current exchanger. Furthermore, in countercurrent flow, the outlet of the “cold” fluid could

be hotter than the outlet of the “hot” fluid.

Hot 
Fluid 

In

Cold Fluid In

Hot 
Fluid 
Out

Cold Fluid Out

END VIEW

EXPLODED VIEW
Cold 
Fluid

Convection Convection
Conduction

Hot 
Fluid

Figure 10.10 Illustration of a concentric-cylinder heat exchanger

In practice, it is often necessary to transfer more heat than is possible with a simple

concentric-tube heat exchanger like the one illustrated in Figure 10.10. A shell-and-tube
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heat exchanger is the most common alternative. Figure 10.12 illustrates a shell-and-tube

exchanger that is configured in countercurrent mode, but you should notice that the fluid

on the shell side actually flows across the outside of the tubes (we call this “crossflow”)

because of the presence of baffles on the shell side.

Hot 
Fluid 

In
Cold Fluid In

Hot 
Fluid 
Out

Cold Fluid Out

Co-current Flow Countercurrent Flow
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Cold Fluid In
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Out
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re Hot Fluid

Cold Fluid

Flow Path

T2

T1

a. b.

Figure 10.11 Performance of a concentric-tube exchanger in (a) co-current and (b) countercurrent flow

Tube 

Outlet

Shell 

Inlet Baffles

Shell 

Outlet

Tube 

Inlet

Figure 10.12 Shell-and-tube heat exchanger: one tube pass, one shell pass

NOTICE

IMPORTANT 
MESSAGE

The decision of whether to operate a heat exchanger in co-current or countercurrent

mode is generally based on which mode yields the smallest heat exchanger to transfer a

given amount of heat. Practical issues such as piping layout may also factor into the deci-

sion. Most heat exchangers utilize countercurrent flow, and for this introductory treatment,

you should assume that a heat exchanger is countercurrent unless otherwise specified.
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For the exchanger illustrated in Figure 10.12, the fluid flowing inside the tubes passes

from one end of the exchanger to the other end only once, and the fluid on the shell side

also passes from one end of the exchanger to other end only once, so we call this a single-

tube-pass, single-shell-pass exchanger. It is possible to configure a heat exchanger with

more than one tube pass and more than one shell pass, as illustrated in Figure 10.13.

Now that we know what a heat exchanger is, the next step is to learn how to ana-

lyze and design such devices. The problem usually begins with a target stream, which is a

process stream that must be heated or cooled. We typically know the flow rate, inlet tem-

perature, and desired outlet temperature of that target stream. With this information, the

strategy is to use the energy balance equations developed in the previous section to de-

termine (1) the amount of heat that must be transferred in the heat exchanger and (2) the

flow rate and temperatures of the other stream. We can then determine the required heat-

transfer area, which is the most common way of expressing the size of the heat exchanger

for preliminary designs.

Shell Inlet

Tube Outlet

Tube Inlet

Shell Outlet
Shell Inlet

Tube Outlet

Tube Inlet

Shell Outlet(b)

(a)

Figure 10.13 Shell-and-tube heat exchangers: (a) one shell pass and two tube passes (b) two shell

passes and four tube passes

10.3.1 Applying the Energy Balance Equations to Heat Exchangers

One way of describing heat exchanger performance is by treating the exchanger as two

separate processes, one involving the hot stream and the other involving the cold stream,

with heat transferred between them, as illustrated in Figure 10.14.
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Qduty

Hot Stream In

Cold Stream Out Cold Stream In

Hot Stream Out

Conducting Wall}

Figure 10.14 Schematic diagram of a heat exchanger envisioned as two separate processes

As depicted in the figure, heat transfers from the hot fluid at a rate designated as

Q̇duty and transfers to the cold fluid at the same rate (thus, we speak of the “duty” of the

exchanger). One can construct heat balances for each of the streams as suggested by Equa-

tions 10.16, 10.18, and 10.20. The actual form of the balance will depend on whether the

stream is undergoing sensible heating/cooling, phase change, or chemical reaction. Again,

we will assume that we want this exchanger to operate at steady-state (no changes with

time), that velocity and elevation changes are unimportant, and that no shaft work is done.

The energy balance for each side of the heat exchanger would be formulated as follows for

the given situation:

Sensible heating and cooling: Assuming that C̄p is approximately the same for the stream

outlet as for the stream inlet, Equation 10.16 becomes

[

ṁC̄p(Tout −Tin)
]

hot
= −Q̇duty (10.24a)

[

ṁC̄p(Tout −Tin)
]

cold
= Q̇duty (10.24b)

Phase change: Equation 10.18 becomes

[

ṁ∆Ĥphasechange

]

hot
= −Q̇duty (10.24c)

[

ṁ∆Ĥphasechange

]

cold
= Q̇duty (10.24d)

Chemical reaction: Equation 10.20 becomes

[

rconsumption,A ∆H̃reaction,A

]

hot
= −Q̇duty (10.24e)

[

rconsumption,A ∆H̃reaction,A

]

cold
= Q̇duty (10.24 f )

Note that Q̇duty is, by definition, a positive number, so that the Q̇ term in the original energy

balance equations became −Q̇duty for the hot stream, because heat is being removed from

the hot stream.

For a heat exchanger of interest, the energy balances for the hot stream and cold stream

(per Equation 10.24) can be solved together to determine the unknown temperature, flow

rate, or amount of heat transferred. The method relies on the fact that the energy lost by

the hot stream as it travels through the exchanger equals the energy gained by the cold

stream (this assumes that the amount of heat lost to the surroundings is negligible, which

is typically the case).

The following example illustrates the use of the energy balance equations to determine

the flow rate of steam needed to produce a specific duty.



178 Chapter 10 Heat Transfer

EXAMPLE 10.5 A heavy oil stream must be heated to a higher temperature, so the decision is made to use a heat

exchanger with saturated steam being condensed to saturated water as the heating source on the

other side of the exchanger. The characteristics of the oil are
Oil mass flow rate: 960 lbm/min

Oil mean heat capacity: 0.74 Btu/lbm
◦F

Oil inlet temperature: 35◦F

Desired oil outlet temperature: 110◦F

The saturated steam has the following properties:
Steam temperature: 280◦F

Heat of vaporization (@280◦F): 925 Btu/lbm

What steam flow rate is needed for this exchanger?

SOLUTION Saturated Steam,

F, 960 lbm/min

Saturated Water,
F, msteam F, msteam

F, 960 lbm/min

For this problem, the oil is the cold stream, and the steam/water is the hot stream. For the oil side

(the target stream), Equation 10.24b gives

Q̇duty =
[

ṁC̄p(Tout −Tin)
]

oil

=

(

960
lbm

min

)(

0.74
Btu

lbm
◦F

)

(110−35◦F) = 53,280
Btu

min

For the steam/water side, a phase change is occurring, and Equation 24c indicates
[

ṁ∆Ĥphasechange

]

hot
= −Q̇duty

Furthermore, as indicated in Table 10.3, for condensation

∆Ĥphasechange = −∆Ĥvaporization

Rearranging and substituting,

ṁsteam =
−Q̇duty

∆Ĥphasechange

=
−Q̇duty

−∆Ĥvaporization

=
−53,280Btu/min

−925Btu/lbm
= 57.6

lbm

min

10.3.2 Determining the Size (Heat-Transfer Area) of the Exchanger

An important characteristic of a heat exchanger is the amount of area available through

which the heat can transfer from the hot to the cold side. For example, in a shell-and-tube

exchanger, that area is the total surface area of the tubes. The area that a particular heat

exchanger must have in order to produce the desired heat transfer depends on how quickly

each step in the transfer (convection in the hot fluid, conduction through the wall, and con-

vection in the cold fluid) takes place. Furthermore, to estimate these transfer rates requires

an estimation of the heat-transfer coefficients in the hot and cold fluids. That estimation

will not be treated in this introduction, as it requires more complete understanding of the

effects of surface geometries and flow conditions and will be the subject of more advanced

classes. However, an approximate method of estimating the required heat-transfer area will

now be developed.

As illustrated in Figure 10.10, the transfer of heat in a heat exchanger is composed of

at least three steps in series (one-after-another): (1) convection from fluid #1 to the tube
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wall, (2) conduction through the tube wall, and (3) convection from the tube wall to fluid

#2. Let’s apply this idea to a heat exchanger with two flowing fluids and a rectangular solid

wall between them (the left side of Figure 10.15). An example of this geometry is that of

heat transfer across a single glass window pane on a winter day. Heat transfers from the

air on the inside (warm side) of the window to the cold window pane. This would occur

by conduction if the air were perfectly still, but the air is usually flowing because of such

influences as the blower in normal heating systems and the normal movement of people

inside the room. But motion also occurs because as the air near the cold window is cooled,

it becomes more dense and, therefore, moves downward to displace the less dense warm air

beneath the window. The heat transferred to the window pane conducts through the glass

to the other side, where it transfers to the cold outside air (again, mostly by convection).

T1 T2 T3 T4 Ti To

Ai Ao

ri
ro

Fluid 
1

Fluid 
2

Rectangular Wall Cylindrical Wall

WallFluid 
1

Fluid 
2

x

Wall

Figure 10.15 Heat transfer between two flowing fluids separated by a rectangular or cylindrical

wall

This system of a series of heat-transfer steps is analogous to multiple mass-transfer

steps in series as discussed in Chapter 8. Similar to the mass-transfer case, we recognize

that at steady-state, the rates of heat transfer through the steps must equal each other, so

Transfer rate = Q̇ = h1A(T1 −T2) = kA
T2 −T3

∆x
= h2A(T3 −T4) (10.25)

which can be solved to produce the heat-transfer equivalent of Equation 8.5, namely

Q̇ =
T1 −T4

1

h1A
+

∆x

kA
+

1

h2A

=
overall driving force

∑resistances
(10.26)

One of the principles associated with Figure 10.15 and Equation 10.26 is the concept

of a limiting heat-transfer resistance. For example, if the convection through Fluid 2 is very

slow (h2 is small and the resistance 1/h2A is large), all of the transfer will be limited by that

slow rate. You can estimate the relative resistances of the three steps by simply comparing

the values of the three resistances 1/h1A, ∆x/kA, and 1/h2A. The relative values of these

resistances can be compared to determine which, if any, is the limiting resistance.

Similarly, for a cylindrical wall (right side of Figure 10.15), Equation 10.26 becomes

Q̇ =
Ti − To

1

hiAi

+
ln(ro/ri)

2πkL
+

1

hoAo

(10.27)
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where L is the tube length and Ai and Ao are the surface areas inside and outside the tubes,

respectively. For Equations 10.26 and 10.27, you should be able to identify the resistances

associated with convection through each fluid and for conduction through the wall.

For the sake of economy, we obviously want to maximize the heat transfer accom-

plished in a heat exchanger. From Equations 10.26 and 10.27, we can see that the transfer

is increased as we decrease the resistances, particularly the limiting resistance as discussed

above. Unlike the case of mass transfer, the conduction resistance (analogous to diffusion

in mass transfer) is usually not the largest resistance. For example, for shell-and-tube de-

vices, this is because the tubes are made from highly conductive metal (with large k values)

and have thin walls (the value of ln(ro/ri) is small). The resistances for the convective steps

are also reduced by designing the exchangers so that there is significant turbulence in the

flowing fluids (which increases the values of hi and ho). However, heat exchangers are

prone to develop layers of residue (“fouling”) on the tube walls with time, which provides

a layer of low-conducting material (low k) and thereby increases the resistance to conduc-

tion through the tube walls. Therefore, maximizing heat-exchanger performance requires

periodic cleaning of the exchangers, which is an expensive process involving the removal

of the exchanger from service (often by shutting down the process) and the dissembling of

the exchanger.

Equation 10.27 provides important insights into the contribution of heat-transfer area

to the rate of heat transfer, but the estimation of the total heat-transfer area requirement

is more complex. For example, Equation 10.27 represents the conditions at a particular

cross section of the exchanger, but the temperatures Ti and To change along the length of

the device. Furthermore, the prediction of the values of hi and ho is complex. As a short-

hand method of describing heat-exchanger performance, we use the overall heat-transfer

coefficient, Uo, and an average temperature driving force, as presented in Equation 10.28.

Q̇duty = UoA∆Tavg (10.28)

Typical units of Uo are W/m2 K and Btu/hr ft2 ◦F , where the temperature unit in the de-

nominator represents a temperature difference and must be treated in the same way that the

temperature difference is treated in the units for thermal conductivity and heat-transfer co-

efficient (see Figure 10.4). Table 10.4 provides some approximate values of Uo for different

combinations of hot and cold streams. When detailed final designs are made, more accurate

values of Uo are determined using methods that you will learn about in later classes.

Table 10.4 Approximate Values of Uo (from reference 1)

Hot Stream: Cold Stream Uo, Btu/hr ft2 ◦F

Saturated vapor: Boiling liquid 250

Saturated vapor: Flowing liquid 150

Saturated vapor: Vapor 20

Liquid: Liquid 50

Liquid: Gas or Gas: Liquid 20

Gas: Gas 10

Vapor (partial condenser): Liquid 30

The term ∆Tavg in Equation 10.28 represents the temperature difference between the

hot and cold streams averaged in some appropriate way over the entire heat exchanger.

Various kinds of average temperature differences are used depending on the geometry of
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the exchanger. For single-pass exchangers, the appropriate form of ∆Tavg is the log-mean

temperature difference, ∆Tlog mean (often abbreviated LMT D), defined as

Log Mean Temperature Difference = ∆Tlog mean =
∆T1 −∆T2

ln
∆T1

∆T2

(10.29)

The subscripts in Equation 10.29 represent the two ends of the exchanger, so ∆T1 and ∆T2

are the differences between the hot and cold streams on the two ends, as shown in Figure

10.11 (∆Tlog mean will be the same regardless of which end is selected as 1 and which is

selected as 2). Thus, ∆Tlog mean is simply a type of average driving force. Note also that

∆T1 and ∆T2 should have the same sign, either positive or negative. This is true because

the temperature of the hot stream must be greater than that of the cold stream at both ends

of the heat exchanger (as well as anywhere in the middle). Heat exchangers are typically

designed with a minimum ∆T1 or ∆T2 of at least 5◦C.

For shell-and-tube exchangers, the inside area (Ai) of the tubes is smaller than the

outside area (Ao), as shown in Figure 10.15. However, for this introductory discussion,

we recognize that the design calculation represented by Equation 10.28 is approximate,

and the small differences between Ai and Ao will be neglected. For the determination of

heat-exchange area, assuming that ∆Tavg = ∆Tlog mean, Equation 10.28 is rearranged to the

form

A =
Q̇duty

Uo ∆Tlog mean

(10.30)

The use of this equation is illustrated in the following example:

EXAMPLE 10.6 How much area is required for the countercurrent heat exchanger in Example 10.5?

SOLUTION Again, the diagram with the given information is drawn, where we have also labeled the two ends of

the exchanger.

Saturated Steam,

F, 960 lbm/min

Saturated Water,
F, msteam F, msteam

F, 960 lbm/min

12

From Equation 10.29,

∆T1 = 280−35◦F = 245◦F, ∆T2 = 280−110◦F = 170◦F

∆Tlog mean =
245−170

ln

(

245

170

) = 205◦F

In this case, the hot stream is a saturated vapor (steam), and the cold stream is a flowing liquid (oil).

Thus, from Table 10.4, Uo is approximately 150 Btu/hr f t2 ◦F , so Equation 10.30 becomes

A =
53,280Btu /min

(

150
Btu

hr f t2 ◦F

)

(205◦F)

(

60
min

hr

)

= 104 f t2
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The following summarizes the procedures described in this section for sizing a heat

exchanger.

!

IMPORTANT
SUMMARY!

Steps for Sizing a

Heat Exchanger

1. Determine the heat duty, Q̇̇Q̇Qdutydutyduty, of the heat exchanger using Equation 10.24. To

do this, use the “target stream” for which the inlet and outlet temperatures and

flow rate are known.

2. Determine the unknown flow rate or temperature for the other side of the
heat exchanger using Q̇duty and Equation 10.24 (additional information is needed

if more than one of these is unknown).

3. Calculate ∆T∆T∆T logmeanlogmeanlogmean as defined in Equation 10.29 assuming a single-pass coun-

tercurrent heat exchanger (unless otherwise specified).

4. Select the value for UUUooo from Table 10.4 for the hot and cold streams of the

exchanger and convert to the appropriate units.

5. Calculate the required heat-exchange area using Equation 10.30.

10.3.3 Heat Exchanger for the Acid-Neutralization Problem

In the previous section, we learned that we need to remove heat in our acid-neutraliza-

tion process. In this section, we learned a little about heat exchangers that can be used

to accomplish such a task, and about how to apply energy balances and heat-transfer co-

efficients to the design of such devices. The logical conclusion is that we should add a

heat exchanger to our process to cool the neutralized acid. Therefore, we need to apply the

techniques discussed above to design a heat exchanger for accomplishing that task.

For the problem we are trying to solve, the required cooling is not intense, and the

nearby lake has an abundance of cooling water. Therefore, the logical solution is to use a

simple heat exchanger to cool the final product. What flow rate of cooling water are we

likely to need? To answer this question, we need to determine the starting temperature of

the lake water (Tcold, in) and the final temperature we would like that water to have (Tcold,out)

and how much heat must be removed from the hot waste stream. From that information,

Equation 10.24 can be used to determine the needed flow rate for the cooling water (V̇cold).

For example, suppose that the lake water never exceeds 15◦C (we want to design for the

warmest lake water to provide a safe estimate) and that we want to prevent the cooling

water from being heated to within 5◦C of the state-mandated maximum (Tcold,out = 22◦C).

Thus, summarizing our known temperatures and flow rates (see Figure 10.16),
Hot stream temperature in: 49.9 ◦C
Hot stream temperature out: 27 ◦C
Cold stream temperature in: 15 ◦C
Cold stream temperature out: 22 ◦C
Hot stream flow rate (approximate): 18,100 L/hr

Both the hot and cold streams can be considered to be water and to have the same

values of density and heat capacity. At these temperatures,
Mean heat capacity: 4.17 kJ/kg ◦C
Density: 992 kg/m3
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Waste Stream,
C, 18,100 L/hr

21

Cooling Water, Vcw Cooling Water, Vcw
CC

C, 18,100 L/hr
Waste Stream,

Figure 10.16 Temperatures and flow rates for the acid-neutralization problem

From Equation 10.24a, and expressing the mass flow rate as the product of the volu-

metric flow rate and density,

Q̇duty =
[

V̇ρC̄p(Tin − Tout)
]

hot

=

(

18,100
L

hr

)(

992
kg

m3

)(

4.17
kJ

kg◦C

)

(49.9−27◦C)

·
(

1m3

1000L

)(

1000J

kJ

)(

1hr

3600s

)(

1W

J/s

)

= 477,000W

From Equation 10.24b,
[

V̇ρC̄p(Tout −Tin)
]

cold
= Q̇duty, or

V̇cold =
Q̇duty

[

ρC̄p(Tout − Tin)
]

cold

=
477,000W

(

992
kg

m3

)(

4.17
kJ

kg◦C

)

(22−15◦C)

·
(

J /s

1W

)(

3600s

1hr

)(

kJ

1000J

)(

1000L

1m3

)

= 59,200
L

hr

Notice that this flow rate for the cooling water is only an average value, since it doesn’t

account for the fluctuations in acid flow rate from the manufacturing process, or for the cor-

responding fluctuations in the sodium hydroxide flow rate to maintain neutrality. However,

the estimate is useful in helping us determine the approximate pump capacity and other

flow parameters associated with the system that will be needed to provide the cooling wa-

ter to the heat exchanger.

We now have the tools to calculate how much heat-transfer area such an exchanger

must have. From Table 10.4 for two liquid streams, Uo = 50Btu/hr f t2 ◦F . Converting that

value to metric units

Uo = 50
Btu

hr f t2 ◦F

(

1055W

Btu s

)(

1hr

3600s

)(

10.764 f t2

m2

)(

1.8◦F
◦C

)

= 284
W

m2 ◦C

Notice the method of converting the temperature difference from ◦F to ◦C. Also, for the

countercurrent heat exchanger illustrated in Figure 10.16,

Uo = 50
Btu

hr f t2 ◦F

(

1055W

Btu s

)(

1hr

3600s

)(

10.764 f t2

m2

)(

1.8◦F
◦C

)

= 284
W

m2 ◦C

So, from Equation 10.30,
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A =
Q̇duty

Uo ∆Tlog mean

=
477,000W

(

284
W

m2 ◦C

)

(18.8◦C)

= 89.3m2

We should add that heat exchanger to the process flow diagram, and the stream table

should also include information about temperatures, as illustrated in Figure 10.17.
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Figure 10.17 Process flow diagram for the acid neutralization process with heat exchanger
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♦ An Energy Conservation Application of Heat Transfer

There is much talk today about the need for new sustain-

able, renewable sources of energy. It is just as important to

look at the other side of the issue – that of energy use. After

all, cutting our energy use by a third is equivalent to increas-

ing our energy supply by that same amount. Creative “win-

win” strategies (e.g., strategies that save energy and reduce

costs) need to be developed in order to promote energy con-

servation through basic changes in the way we live and op-

erate. Also, additional stability, flexibility, and security may

be available through distributed “green” strategies whereby

at least a portion of the energy needed is generated locally at

home, at work, or in the car. Ways of effectively using “free”

energy (e.g., solar energy) to meet our needs are desperately

needed. In fact, economical use of solar energy is one of the

Grand Challenges listed by the National Academy of Engi-

neering, as briefly summarized in Chapter 1.

An example of what is possible can be seen in efforts by

the Florida Solar Energy Center (FSEC) in conjunction with

home builders to produce “zero energy” homes, which con-

sume no net energy per year3. Advances that make this pos-

sible include state-of-the-art insulation and construction, so-

lar energy harvesting, and high-efficiency heating and cool-

ing. While “zero energy” may be more difficult to achieve

in severe climates, this example illustrates that there really is

much that we can do as engineers and individuals to reduce

energy usage.

Zero energy 2250 sq. ft. home (note the solar panels on the

roof) built in Gainsville, Florida by Tommy Williams in con-

junction with the Florida Solar Energy Institute (FSEC); for

more information, see reference #4.

READING QUESTIONS

1. A freshman chemical engineering student is walking across

campus on a cold winter day. For each of the following sce-

narios, which forms of heat transfer (conduction, convection,

and/or radiation) are operative, and which form do you think is

dominant? In each case, explain your answer.

a. The student feels colder when a sudden gust of wind

arises.

b. After sitting down on a concrete bench, the student feels

even colder, especially in that part of the anatomy in

contact with the bench.

c. Seeing some trash being burned in an incinerator, the

student stands next to the fire and feels warmer.

2. To what extent does radiation heat transfer require the pres-

ence of a medium in order for the transfer to occur? How does

this differ from conduction or convection heat transfer?

3. Name at least one example of conduction, convection, and

radiation from everyday life (in addition to the examples men-

tioned in Reading Question 1).

4. Compare Equation 10.5 with Equation 8.1. How are they

similar? How are they different?

5. Compare Equation 10.6 with Equation 8.4. How are they

similar? How are they different?

6. What happens when heat is added to a saturated liquid?

Does the addition of heat cause the temperature to change? Why,

or why not?

7. As he watches you boil potatoes on the stove, your neigh-

bor suggests that if you turn up the flame on the stove, the pota-

toes will cook faster because the water will be hotter. Is your

neighbor correct? Why, or why not?

8. Name three examples of heat exchangers that are part of

your everyday life.

9. Explain what a “runaway reaction” is and what strategy is

used to prevent it.

10. A simple heat exchanger consists of a hot fluid flowing

inside a tube and a cold fluid flowing around (outside) that tube.

What heat-transfer mechanisms operate in the following phases

of transfer?

a. Heat transfer from the inside fluid to the tube wall

b. Heat transfer through the tube wall

c. Heat transfer from the tube wall to the outside fluid
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HOMEWORK PROBLEMS

1. Verify that Equation 10.23 follows from Equations 10.21

and 10.22 by performing the derivation using the assumptions

summarized in the paragraph before Equation 10.22.

2. In the calculation to determine the outlet temperature of

the acid-neutralization process (illustrated at the end of Section

10.2),

a. rework the problem to find the outlet temperature as-

suming no heat is transferred to/from the surroundings

(Q̇ = 0, adiabatic) and using the following values:

inlet temperature of the HCl is 55◦C
inlet temperature of the NaOH is 25◦C

b. using the values in (a), determine how much heat would

need to be removed (in units of Watts) in order to achieve

the desired outlet temperature of 27◦C? Hint: Remem-

ber that we are assuming that all streams have the same

heat capacity and density as water (the heat capacity of

water is 1.0 cal/g ◦C).

3. A stream of bread dough is fed steadily through an oven in

a large bread-baking operation. The dough enters the oven at a

rate of 110 ft3/hr and at a temperature of 70◦F . It exits the oven

at 400◦F . Other properties of the dough include

density = 58.7 lbm/ f t3

heat capacity = 0.9 Btu/lbm
◦F

At what rate is heat being added to the dough by the heating

coils of the oven (in Watts)?

4. A liquid solution is passed steadily through an infrared ra-

diative oven to sterilize it. The system is horizontal (no elevation

change), and the velocities are small. Furthermore, the density

of the liquid can be considered to be constant, and evaporation

of the solution is negligible. The following are given:

Volumetric flow rate V̇ (same for inlet and outlet streams)

Density ρ (same for inlet and outlet streams)

Average heat capacity C̄p (same for inlet and outlet streams)

Reference temperature Tre f (same for inlet and outlet streams)

Inlet temperature Tin

Outlet temperature Tout

a. Derive an expression for the difference between the out-

let temperature and the inlet temperature of the liquid.

b. Does your solution make intuitive sense? In other words,

do the radiant heat provided by the oven, the flow rate,

and the heat capacity affect the temperature rise as you

would expect?

Hint: Express the radiant heat to the solution simply as Q̇.

5. Some of the most common sources of heat in a chemical

plant are hot water and steam. The following questions explore

the value of each of these as potential heat sources:

a. Suppose that a hot water stream at 250◦C is available as

a heating source at a flow rate of 6.7 kg/s. How much

heat can be extracted from this stream if it is cooled

to 150◦C? The heat capacity of water at these tempera-

tures is approximately 4.5 kJ/kg K.

b. Suppose that saturated steam at 200◦C is available as

a heating source at a flow rate of 6.7 kg/s. How much

heat can be extracted by condensing the steam to liq-

uid water at the same temperature? (Note: Ĥvap,200◦C =
1939 kJ/kg)

c. Based on your answers from (a) and (b), which of the

above (hot water or steam) would you recommend as a

source of heat? Why?

6. A liquid stream contains 27 mole% species A dissolved in

a solvent. In a steady-state process, the stream enters a reactor

where 2/3 of the species A is converted to species B. The heat

of reaction at the reactor temperature equals −918kJ/kgmol of

A reacted. How much heat (per kgmol of entering stream) must

be transferred from the reactor to maintain a steady temperature

in the reactor? (As indicated in the chapter, kinetic and potential

energy effects can be neglected.) While there is some shaft work

from the stirrer in the reactor, such work is usually negligible

and can be considered so in this case. Hint: You will need to

choose a basis.

7. A hot fluid flows inside a cylindrical pipe while a cold fluid

flows along the outside of the pipe. Given the following data,

what is the largest resistance to heat transfer?

Hot fluid:

Heat-transfer coefficient: 0.015 W/cm2 ◦C
Density: 0.85 g/ml

Cold fluid:

Heat-transfer coefficient: 0.032 W/cm2 ◦C
Density: 1.0 g/ml

Pipe:

Inside radius: 0.318 cm

Outside radius: 0.476 cm

Length: 50 cm

Thermal conductivity: 0.53 W/cm2 ◦C

8. You have been assigned to design a heat exchanger to cool

a gaseous process stream in a chemical plant. The stream (20

kg/s) enters at 431 K, has a heat capacity of 3.45 J/g◦C, and

needs to be cooled to 402 K. Cooling water is available at 85◦F

and has a specified maximum temperature of 120◦F . The over-

all heat-transfer coefficient is approximately 570 W/m2 K. How

much area must the heat exchanger have?
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9. A heat exchanger is needed to heat a liquid process stream

(flow=10 kg/s, heat capacity=3.0 kJ/kg ◦C) from 300◦F to 425◦F .

The heat will be supplied by saturated steam on the shell side of

the heat exchanger (available at 600 psig, approx. 490◦F , and

Ĥvap,600 psig = 1699kJ/kg).

a. What flow rate of steam (mass/time) is needed for this

heat exchanger?

b. The boiling point of water with which we are most fa-

miliar is 100◦C. How is it possible to have saturated

steam at 490◦F?

c. Estimate the required area of the heat exchanger in ft2.

Hint: You will need an overall heat-transfer coefficient from Ta-

ble 10.4.

10. The last section of this chapter describes the sizing of a

heat exchanger to cool the neutralized acid stream from 49.9◦C
to 27◦C using cooling water available at 15◦C. That calculation

assumed an outlet temperature of 22◦C for the cooling water. In

contrast, this problem assumes that the outlet temperature of the

cooling water can be as high as 27◦C.

a. Set up a spreadsheet to calculate the volumetric flow

rate of cooling water and area of the heat exchanger

required to cool the outlet stream from the acid neutral-

ization process. Perform the calculations for a range of

cooling water outlet temperatures from 16 to 27◦C in

one-degree increments, assuming a countercurrent heat

exchanger.

b. Graph the results from (a) (cooling water flow and heat

exchanger area as a function of cooling water outlet

temperature) and provide a brief qualitative explanation

of the observed behavior.

c. Repeat the calculations and graphs from (a) and (b) for a

co-current heat exchanger. (Caution: For this case, can

the cooling water outlet temperature for this heat ex-

changer actually equal 27◦C?)

d. Based on the above calculations, which type of heat ex-

changer (countercurrent or co-current) would you rec-

ommend? Why?
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Chapter 11

Materials
(An Important Equipment Feature)

Up to this point in the book, we have been talking about the design of equipment

to hold, convey, mix, react, and cool our hydrochloric acid stream, but we have not ad-

dressed the issue of which materials we might use to construct the equipment. The study

of materials is very important, because modern processes frequently subject equipment to

extremely harsh conditions for which common materials are not suitable. Significant effort

is being invested in the development of new materials having greater strength and chemi-

cal resistance. This chapter will examine the basic categories of materials and their general

characteristics.

11.1 METALS AND CORROSION

In the construction of chemical-processing equipment, metals have been the most

commonly used materials because of their great mechanical strength and because of hu-

mankind’s long experience with metal refinement. The general features that define metals

include their high ductility (ability to be shaped and formed), strength, and density, all of

which make them an excellent choice for fabricated parts that must withstand high forces

and pressures. Copper, aluminum, and iron are among the predominant metals used in

equipment of all kinds. However, the metal that stands out because of its overwhelming

popularity throughout modern history is an iron-based alloy called steel.

Steel is the name given to iron that contains a small amount of carbon. The relatively

weak iron is greatly strengthened because the carbon is present as single atoms or as tiny

clusters of iron carbide within the regions of iron, and those atoms or clusters provide

disruptions in the iron crystals, which prevent the iron atoms from slipping past each other.

The mechanical properties of the steel ultimately depend on (1) the amount of carbon in

the steel (the higher the carbon content, the stronger and more brittle the steel) and (2)

the heat treatment process to which the steel has been subjected (which affects the size of

the carbide clusters, as well as the crystal structure and size of the iron crystals). Minor

amounts of other metals are sometimes added to steel to give it special properties; the most

common example is stainless steel, which is steel to which a small amount of chromium

(and sometimes other metals) has been added.

One disadvantage of metals is that they can undergo electrochemical corrosion, in

which the metal atoms are converted to metal ions (i.e., the metal is essentially dissolved).

A simplified form of this reaction is

M0 → M+ + e− (11.1)

The location where this occurs is called the anode, and the metal is said to be oxidized.

Meanwhile, at another location, called the cathode, the electron that was released by the

reaction in Equation 11.1 is consumed by some agent (i.e., that agent is reduced). Overall,

the process can be represented as shown in Figure 11.1.

189
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Anode 
(Metal)

Solution
M+

Conductor

Cathode

e-

Figure 11.1 Elements of electrochemical corrosion

The four essential components of corrosion are represented in Figure 11.1:, namely, an

anode, a cathode, an ion conductor (some medium, usually an aqueous solution, in which

the metal ions move away from the metal), and an electron conductor (some medium, usu-

ally a metal connection, through which the electrons travel from the anode to the cathode).

For example, when a car is exposed to water (ion conductor) over a period of time, some of

the metal (anode) undergoes corrosion, especially when that metal is in contact (electron

conductor) with a less-reactive metal (cathode). Note that salt in the water increases cor-

rosion by increasing the ability of the solution to conduct ions and by attacking protective

oxide layers on metal surfaces.

The tendencies of various metals (and other chemical species) to participate in elec-

trochemical corrosion can be represented in a chart such as in Figure 11.2. Such a chart is

called an oxidation-reduction series, because it illustrates the relative tendencies for species

More noble 
or cathodic 
(reaction 
proceeds 

less)

Au       Au3+ + 3e-

2H2O       O2 + 4H+ + 3e-

Pt       Pt2+ + 2e-

Fe2+       Fe3+ + e-

4(OH-)       O2 + 2H2O + 4e-

Cu       Cu2+ + 2e-

Sn2+       Sn4+ + 2e-

H2       2H+ + 2e-

Pb       Pb2+ + 2e-

Sn       Sn2+ + 2e-

Ni       Ni2+ + 2e-

Co       Co2+ + 2e-

Fe       Fe2+ + 2e-

Cr       Cr3+ + 3e-

Zn       Zn2+ + 2e-

Al       Al3+ + 3e-

Mg       Mg2+ + 2e-

Na       Na+ + e-

More reactive 
or anodic 
(reaction 
proceeds 

more)

Figure 11.2 Abbreviated oxidation-reduction series

to be oxidized (at the anode) or reduced (at the cathode). Thus, if a more noble metal is

placed in electrical contact with a more reactive metal in a wet environment, the more reac-

tive metal will likely become an anode (will corrode). Additionally, the cathodic reaction
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(e.g., reduction of oxygen, reduction of hydrogen ions, or plating of metal ions) will take

place on the surface of the more noble metal.

Corrosion can occur uniformly in a metal surface, as uniform corrosion, or it can be

very uneven. An example of uneven corrosion would be the localized corrosion in a small

area causing a hole (or many tiny holes, called pitting) to penetrate a pipe or tank wall.

EXAMPLE 11.1 A piece of copper trim on the body of a car is in physical contact (metal to metal) with the steel panel

of the car body. Which will corrode, the steel panel or the copper trim?

SOLUTION From the oxidation-reduction series in Figure 11.2, we see that copper is more noble or cathodic

than iron (the principal component of steel). Thus, the iron will be more likely to undergo oxidation

(corrosion).

In a chemical process, corrosion can be very hazardous because it may cause equip-

ment to leak, releasing chemicals into the environment or into the vicinity of human beings.

In addition, it may cause equipment failure or lead to contamination of process streams.

Therefore, equipment must be designed to prevent or compensate for the corrosion. Various

strategies are employed to reduce corrosion:

• Similar metals: The contact of dissimilar metals can often be eliminated to prevent

corrosion. This means choosing similar metals in the construction of the equipment

or preventing electrical contact of dissimilar metals.

• Thicker metal: When the corrosion is uniform, a common tactic is to simply use

thicker metal in the construction to compensate for the anticipated corrosion. The

thickness is selected so that the material will continue to perform its function for at

least as long as the desired operational life of the equipment.

• Sacrificial anode: To prevent corrosion, a common tactic is to introduce a piece of

another metal, a sacrificial anode, in contact with the metal to be protected. The

sacrificial anode is composed of a metal that has a greater tendency to corrode than

does the metal to be protected. As a result, the sacrificial anode corrodes instead

of the protected metal. The sacrificial anode can then be replaced periodically to

maintain the protection.

• Noble metal: Another protective measure is to build the equipment from a metal

or metal alloy that has a lower tendency to undergo the corrosion reaction. This is

the motivation behind the use of more “noble” metals, such as nickel or cobalt, in

corrosive environments.

• Protective oxide: Certain reactive metals readily form a more stable and nonreac-

tive “oxide” surface that reduces further corrosion. Chromium, the main additive in

stainless steel, forms chromium oxide on the surface, which resists the anode reac-

tion of the iron. Similarly, aluminum, considered to be highly resistant to corrosion,

is actually very reactive but quickly forms an oxide surface that is very protective

against further reaction. Even iron can be induced to form a passive film in certain

very oxidizing environments, and such a formation becomes part of the corrosion-

reducing strategy.

• Corrosion inhibitors: Some chemical agents, corrosion inhibitors, can be added to

fluid systems to reduce corrosion. Because such agents are expensive, they are usu-

ally used in closed, circulating systems, where the need to replenish the agents is
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lower. Corrosion inhibitors act in a variety of ways. Some form a coating on the

metal surfaces to reduce the contact between the metal and the corrosive environ-

ment. Others react with the small amounts of dissolved oxygen in the liquids, which

is effective because the more common corrosion reactions require oxygen.

• Paint: One of the most effective methods to prevent corrosion is to simply paint or

coat the metal surfaces. This is practical as long as there is no danger of reaction

between the paint and the process fluids or of other contamination of process fluids

by paint residue.

• Nonmetals: Where feasible, replace metal with non-metals, such as ceramics or

plastics. Examples of this practice are common, particularly the use of plastic pipe,

tanks, and so on.

EXAMPLE 11.2 Nails used for construction must be strong and thus are made mostly from steel. However, steel (iron)

nails can corrode, thereby causing the building or other structure to weaken. To reduce the probability

of this problem occurring, construction nails are galvanized (coated with zinc). Why would such a

coating reduce the corrosion of the iron?

SOLUTION From the oxidation-reduction series in Figure 11.2, we see that zinc is more reactive or anodic than

iron. Thus, the zinc will be more likely to undergo corrosion, thereby causing the iron to act as the

cathode (i.e., the zinc will act as a sacrificial anode). As long as some of the zinc is still in contact

with the iron, the iron will not corrode.

Corrosion is such an important and expensive consideration in many engineering ap-

plications that it is not uncommon to find engineers whose main expertise is the reduction

of corrosion.

The bottom line is that metals are very strong and easy to work with but are subject to

corrosion.

11.2 CERAMICS

Ceramics are an important class of materials because of their high resistance to reac-

tion, even under very harsh conditions. Ceramics are chemical compounds that involve the

ionic and covalent bonding of atoms in crystalline structures. Examples include alumina

(Al2O3), silica (SiO2), and diamond (a lattice of carbon). Because of the ionic and covalent

bonding in ceramics, the electrons are locked into the bonds and don’t exchange readily.

This high degree of electron “locking” results in very low electrical conductivity and also

contributes to the very low reactivity of ceramics, even at high temperatures. Ceramics are

also relatively hard and brittle, because the atoms do not exchange bonds easily (which

would be necessary for a material to deform without fracture).

An important material related to ceramics is glass. Glass is composed of silica chains

in a non-crystalline structure, thereby disqualifying glass from being a ceramic. Though

glass is non-ceramic, the chemical properties of glass resemble those of ceramics to such a

degree that glass is usually included in the discussion of ceramics as a “pseudo-ceramic.”

Some very expensive glass has been treated in a way to produce higher crystallinity, thus

causing the material to be more like quartz, which is the purely crystalline analog of glass

and is a true ceramic.

In chemical engineering, ceramics are used for applications where high-temperature
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resistance and low reactivity are needed. Such applications include the linings of fur-

naces, support material for catalysts, packing for columns, linings of pipes and tanks

carrying highly reactive materials, and applications where electrochemical corrosion of

metals would be a problem. Because of its transparency, quartz is used as a window for

high-temperature reactors. Finally, brick, concrete, and mortar are composed of ceramic

compounds and provide structural materials for a wide variety of applications.

The bottom line is that ceramics can withstand high temperatures and highly reactive

environments but are brittle (fracturing under impact or distortion).

11.3 POLYMERS

In the past 50 years, polymers have been developed that provide a wide variety of

properties. They are lightweight compared with metals or ceramics and are resistant to

electrochemical corrosion. Furthermore, they can be mechanically flexible and tough. Be-

cause of the nearly infinite number of possible polymer formulations, the properties and

characteristics of polymers are likewise nearly infinite.

The word “polymer” means “many pieces,” which reflects the fact that polymers are

composed of many repetitions of a particular atomic sequence. Most polymers are based

on a backbone chain of carbon atoms, to which various atoms are attached. The simplest

polymer is polyethylene, which has the structure illustrated in Figure 11.3.

C
H

H
C
H

H
C
H

H
C
H

H
C
H

H
C
H

H
C
H

H
C
H

H

C
H

H
C
H

H

n

or

(abbreviated)

Figure 11.3 Structure of polyethylene

The drawing in the top part of Figure 11.3 represents a long chain of carbon atoms with

hydrogen atoms attached. The smaller drawing in the lower part of the figure is an abbre-

viation of the upper structure, where the atoms in parentheses represents the portion of the

molecule that is repeated many times (the repeating unit). The “n” to the lower right of the

parenthesis signifies that there are many of those repeating units. Polyethylene is a very

common polymer, used to make items such as garbage bags and sandwich bags.

Different polymer properties are developed by substituting other atoms in place of the

hydrogen atoms of polyethylene. For example, a common polymer is polyvinylchloride

(PVC), which is the polyethylene molecule with one hydrogen atom out of four replaced

by a chlorine atom (Figure 11.4). PVC is used for many applications, including such things

as sprinkler pipe and surgical tubing. A polymer that is very resistant to chemical attack is

polytetrafluoroethylene (trade name Teflon), which is similar to polyethylene except that

it has fluorine atoms bound to the carbon in place of the hydrogen atoms (Figure 11.4).

Because of its resistance to reaction, Teflon is used for such things as coatings on cooking

pans and utensils. Much larger chemical groups can also be substituted for the hydrogen

atoms; the number of additional variations is nearly endless.
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Figure 11.4 Two common polymers similar to polyethylene but with hydrogen substitution

The properties of a polymer can also be varied by substituting other atoms or groups

in place of the carbon atoms in the backbone of the chain. Single carbon-carbon bonds,

such as those represented in Figures 11.3 and 11.4, rotate easily and result in relative flex-

ibility in the polymer. However, backbone chains can also contain carbon-carbon double

bonds, carbon-carbon triple bonds, rings, and other rigid structures, which restrict chain

rotation and make that part of the polymer less flexible (see Figure 11.5). Represented in

Figure 11.5 are polybutadiene (synthetic rubber) and polycarbonate (used for bullet-proof

windows and the windows of the space shuttles).
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Figure 11.5 Two polymers with less-flexible structures in the polymer backbone

Polymer properties are also affected by the interactions between polymer chains. Those

interactions can be affected by the following:

• Crosslinking: Covalent bonding often occurs between chains to link the different

polymer chains to each other. This crosslinking can vary in terms of the length and

the frequency of the crosslinks.

• Weaker bonding: Weak chemical interactions also occur between polymer chains,

as various chemical groups on one chain attract groups on another chain. Van der

Waals attractions and hydrogen bonding are two names given to these kinds of

attractions.

• Physical tangling: Chains or parts of chains can tangle with neighboring chains to

restrict chain movement. This is influenced by the average chain length, since short

chains can more easily move around each other to provide great fluidity or flexibility

(e.g., flexible polyethylene garbage bags), while long polymer chains entangle with

each other and cause a polymer to be very viscous or rigid. The tendency of polymer

molecules to entangle is also affected by the frequency and length of side chains

(chains that branch off of the main chain).

• Crystallinity: The interactions mentioned above, along with the nature of the poly-

mer chains themselves, affect the ability of the polymer chains to align themselves

in rigid, dense, well-ordered crystalline structures. Many polymers have regions that

are crystalline in this sense, and the physical properties of polymers are influenced

by the percentage of the polymer that assumes such a crystalline structure.
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The field of polymer science is a dramatic example of using chemistry and chemical

processing to make products that have a positive impact on our lives. Such products range

from contact lenses to tennis shoes to space ships. Polymers are also used in chemical

processing equipment, mostly because of their immunity to electrochemical corrosion and

to the resistance of some polymers to attack by certain chemicals. Thus, tanks, pipes, and

pumps made of polymers are used in corrosive environments. Where the strength of metals

is needed, the polymers are sometimes used as a lining in metal pipes or tanks or as a coat-

ing around metal pump parts. It is evident from the above discussion that a knowledge of

carbon chemistry is critical to polymer processing and to the use of polymers as structural

materials in chemical process equipment. Your organic chemistry classes will help provide

you with the background needed to work in this exciting subfield of chemical engineering.

The bottom line is that polymers are very easy to customize, are tough and flexible

(not easily fractured under impact or flexing), and are not subject to corrosion but are not

strong and cannot withstand high temperatures or highly reactive environments.

One way to use the information provided above for metals, ceramics, and polymers is

to make preliminary decisions about their suitability for particular applications as follows:

EXAMPLE 11.3 For each of the following, indicate whether metal, ceramic, or polymer materials should be used

(when ceramic or polymer is selected, also indicate if it should be an insert inside a metal structure).

a. A pipeline is to carry a corrosive salt solution in a process and is subjected to considerable

vibration and flexing.

b. A reactor is to contain very aggressive reactants at high temperature.

c. A tank must hold an inert gas (argon) at high pressure.

SOLUTION
a. The mechanical strength needed for a pipeline means that the structure should be metal. But

an insert is needed to protect the metal from the corrosive salt solution. Because of the flexing

experienced by the pipeline, a rigid ceramic insert is not advisable. Instead, a polymer insert is

flexible and also is effective in preventing electrochemical corrosion. Hence, a polymer insert

in a metal pipeline is recommended.

b. Given the aggressive reactant at high temperatures, a very inert reactor material is needed. The

answer is a ceramic reactor (glass reactors are a common option).

c. The high pressure requires a strong metal tank. Because the contents will be inert (noncorro-

sive and nonreactive), no insert is needed.

11.4 COMPOSITES

In recent years, the need for lighter, stronger, chemically inert materials has led to the

development of composites, materials comprised of a combination of polymers and either

metals or ceramics. A common form of composites is a polymer in which are embedded

many fine fibers of metal, graphite, or glass. The oldest example of this kind of composite is

“fiberglass,” which has tiny glass fibers embedded in a polymer. Sometimes the embedded

glass or metal is woven into a laminate, and the composite contains layers of the laminate

alternating with layers of the polymer. The impact of composites on our lives is larger

than we normally realize, with such products as tennis rackets, airplane wings, and circuit

boards comprising just a few of many examples.
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11.5 STRENGTH OF MATERIALS

For all of the materials discussed above, it is important to describe the strength of

the material. Strength is commonly characterized as the force needed to stretch a standard

sample of the material by using a large tensile testing machine (Figure 11.6). The force

(measured by the tensile testing machine) is expressed as a stress (σx, defined as the force

per original cross-sectional area, i.e., σx =F/A) and the amount of stretch as a strain (εx,

increase in length divided by the original length, i.e., εx = ∆l/l0). As the force is plotted

versus time, a stress-strain curve is obtained (Figure 11.7).

Force 
Transducer

Sample

Moving 
Crosshead

Figure 11.6 Tensile testing machine for characterizing the strength of a sample
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(Fractional Increase in Length)

Tensile Strength

Figure 11.7 A typical stress-strain curve

For most materials, the stress-strain curve will exhibit the regions depicted in Figure

11.7, although the relative sizes of those regions vary significantly between types of ma-

terials. As the material first begins to stretch, it will usually undergo elastic deformation,

deformation that is linearly proportional to the stress (force) applied and that will com-

pletely recover (return to its original dimensions) when the stress is removed. The slope of

that linear portion of the stress-strain curve is called the modulus of elasticity (Em), which

has the same units as stress (e.g., psi). In other words,

Em =
σx

εx

(11.2)

As the sample is stretched further, most materials begin to undergo plastic deformation,
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which is when the material is permanently deformed and will not return to its original

shape. Finally, most materials reach a fracture point where the sample breaks. The high-

est stress sustained by the material is called the tensile strength and is the most common

indicator of the material strength. It is important to note that the magnitude of the strain

corresponding to these points in the stress-strain curve is relatively small (a few percent)

for most materials, especially for rigid materials like metals or ceramics. In other words,

rigid materials stretch very little, as you would expect.

Materials are commonly characterized by such parameters as the modulus of elasticity,

the point at which plastic deformation occurs, and the tensile strength. Table 11.1 provides

some comparative values for a few materials.

Table 11.1 Physical Properties of Some Materials

Material Density Modulus of Elasticity Tensile Strength

(g/cm3) (psi) (psi)

Iron 7.9 15×106 42–73×103

Steel 7.9 30×106 47–200×103

Copper 9.0 15×106 25–50×103

Aluminum 2.7 10×106 10–19×103

Magnesium 1.7 6.5×106 23–50×103

Glass fiber 2.5 10×106 250×103

Clay brick 2.5-5 15×106 16–20×103

Polystyrene 1.1 4.5×105 7×103

Polyethylene 0.95 0.2–1.2×105 2–4×103

The use of Equation 11.2 is illustrated in Example 11.4.

EXAMPLE 11.4 How much force would be required to elastically stretch a rod of aluminum (diameter = 0.44 in) from

a length of 4.0 cm to 4.004 cm?

SOLUTION Rearranging Equation 11.2, σx = Emεx

and from the definition of stress, σx =
F

A

so F = Aσx = AEmεx

where

εx =
∆l

l0
=

0.004cm

4.0cm
= 0.001

A =
π

4
d2 =

π

4
(0.44 in)2 = 0.152 in2

(from Table 11.1) Em = 10×106 psi

so

F = AEmεx =
(

0.152 in2
)(

10×106 psi
)

(0.001) = 1,520 lb f
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CONCLUDING COMMENTS

With this very brief introduction to materials, you should have a few specific skills

and a broad perspective. In terms of specific skills, you should be able to predict which

of a pair of metals in contact in a wet environment will preferentially corrode. You should

also be able to calculate the stress or strain for elastic deformation of a material. More

broadly, you should appreciate the importance and diversity of modern materials in our

everyday lives and in industrial chemical processing and their potential in addressing the

Grand Challenges facing today’s world.

♦ Energy and Biomedical Applications for High-Tech Materials

The solutions to our current local and global problems

will depend at least in part on the development of new spe-

cialized materials. Here are two examples of areas where

such materials may make a significant difference:

Home-based Solar Power: The quest for renewable en-

ergy sources that are environmentally friendly includes the

development of economical solar power (one of our “Grand

Challenges”). One approach is to install solar panels on the

roofs of homes to provide at least part of the electricity used

by those homes. But silicon-based photovoltaic cells (the

only type available until recently) are expensive to purchase

and to install, and the payback from the savings in utility

costs requires many years. However, new polymer-based pho-

tovoltaic cells are now making possible the manufacture of

solar panels built into asphalt roof shingles, with lower pur-

chase and installation costs and shorter payback times. As

this development continues, still cheaper solar panels will

emerge, bringing us closer to fulfilling the dream of home-

based solar power.

Bio-friendly Materials for Diabetics: The treatment of

severe diabetes requires the delivery of a hormone called in-

sulin to the patient to help properly process the sugar glu-

cose in the blood. But the amount of glucose delivered to the

blood (and hence the need for insulin delivery) varies nearly

minute by minute during the day as a result of activities such

as eating and physical exercise, as well as by parameters

such as sleep patterns and stress. As a result, the greatest

hope for effective treatment is a combined system of contin-

uously monitoring glucose in the blood or in interstitial fluid

under the skin and delivering insulin at a rate that is contin-

uously being adjusted to meet the changing need. Currently,

such systems suffer from reactions by the patient’s body, in-

cluding the reaction of the blood to glucose sensors and in-

sulin catheters when placed directly in the bloodstream and

inflammation and risk of infection for sensors and catheters

placed on or through the skin. New materials are needed that

are more blood-compatible and that have anti-inflammatory

and antimicrobial properties.

READING QUESTIONS

1. Which kind of steel would be the best candidate for a struc-

tural beam where a great deal of strength is needed: low-carbon

steel, or high-carbon steel? Why?

2. One common tactic to prevent the corrosion of steel pipe-

lines is to attach blocks of zinc or magnesium to the pipeline.

How do these blocks protect the pipeline?

3. From what you have read, why would brick be a popu-

lar outer cover for homes in geographical regions where the

weather is harsh?

4 In a process to make a polymer, you change the average

chain length of the polymer by varying the reactor conditions

in the process. After some trial runs, you find that the poly-

mer initially produced does not have sufficient strength for the

intended application. Which way should you change the chain

length: shorter, or longer? Why?
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HOMEWORK PROBLEMS

1. For each of the following pairs of metals in contact in an

aqueous solution, which metal will corrode?

a. Iron and zinc c. Gold and copper

b. Iron and copper d. Iron and tin

2. The structural beams of an offshore drilling rig are made of

steel and are partially submerged in sea water. The submerged

portions are observed to corrode, and your engineering assign-

ment is to decrease the corrosion rate of the steel by putting a

second metal in contact with the beams. For each of the follow-

ing arrangements, indicate whether it will decrease the corro-

sion of the steel beams, and explain your answer.

a. Zinc placed above the water line (not submerged)

b. Tin placed below the water line (submerged)

c. Lead placed below the water line (submerged)

d. Nickel placed above the water line (not submerged)

e. Magnesium placed below the water line (submerged)

3. Steel has a modulus of elasticity of approximately 30 ×
106 psi. A sample of steel originally 2.0 in long and with a cross-

sectional area of 0.196 in2 is elastically stretched using 10,000

lb f . How many inches beyond the original length will the sam-

ple stretch?

4. Various lightweight composite materials are being tested

for possible use as structural columns in a space station. Small

samples of each composite (cross-sectional area = Asample in

units of in2) are stretched elastically in a large press until the

sample length has increased from 2 cm to 2.03 cm, and the

stretching force applied by the press (Fpress in lb f ) is recorded at

that point. The National Aeronautics and Space Administration

(NASA) wants to know how much force (Fcolumn in lb f ) would

be required to elastically stretch a structural column (cross-

sectional area = Acolumn in units of in2) by 1.2%.

a. Derive a relationship for calculating Fcolumn from Fpress,

Asample, Acolumn, and the given magnitudes of elastic

stretching.

b. The Excel spreadsheet shown below has been constructed

to perform the calculation in part (a) using data entered

into the other cells as shown. Complete the spreadsheet

by writing the function exactly as it would be entered

into cell B8 to provide the value of Fcolumn for any val-

ues entered into cells B3, B4, and B6.

Prediction of Force on Structural Column

A B

1

2

3

4

5

6

7

8

9

Force on Sample to stretch 2->2.03 cm (lbf):

Cross-sectional Area of Sample (in^2):

Cross-sectional Area of Structural Column (in^2):

Force on Column for 1.2% Stretch

30,000

0.196

40

function you enter
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Chapter 12

Controlling the Process

12.1 THE NEED FOR PROCESS CONTROL

Up to this point, the description of the acid-neutralization problem has used an aver-

age flow rate and concentration of HCl, and from these the flow rate and concentration of

NaOH needed to neutralize the HCl were determined. If the HCl flow rate and concen-

tration and the NaOH concentration all remained perfectly constant, the NaOH flow rate

could likewise be kept constant. However, process variables rarely remain constant on their

own. Rather, they tend to vary with time as illustrated in Figure 12.1. In Figure 12.1a, the

process variable of interest (e.g., a flow rate) changes significantly with time but continues

to oscillate around the desired value. Substantial changes such as these make it difficult

to obtain a product with the desired characteristics (e.g., concentration) at any given time.

Even worse, if the product shown in Figure 12.1a is used as an input to a downstream

process, the quality of that downstream process is severely compromised. Figure 12.1b

illustrates the undesirable situation where the process steadily drifts away from the desired

output. In contrast, Figure 12.1c illustrates the desired situation where any variations in the

product characteristics are kept within a narrow band around the desired value. In order to

achieve this, we need a method of controlling the process.

Time

Process 
Variable 

of 
Interest 

Desired Value

Time

a b

Time

c

Figure 12.1 Examples of variation in the value of a process variable where that value (a) oscillates around the desired value, (b)

drifts away from the desired value, and (c) stays close to its desired value

The HCl entering the acid-neutralization process comes from the existing part of the

plant and is received into a holding tank (Figure 12.2). It is then drawn from that tank via

a pump, which delivers it to the acid-neutralization process. Furthermore, our experience

shows that the production rate of that HCl fluctuates and also drifts as depicted in Figure

12.1a and 12.1b. If the production rate exceeds the flow rate of the pump for a sufficiently-

long time, the HCl will overfill the tank, and if the production rate falls below the flow

rate of the pump, the tank will run dry. Thus, the flow rate of HCl leaving the holding tank

would need to be adjusted frequently to avoid these problems, and the most common way

201
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of doing this is to place a valve downstream of the centrifugal pump (Figure 12.3). Fur-

ther, with this variation in HCl flow to the acid-neutralization process, the NaOH flow rate

would need to be constantly adjusted in order to prevent the pH of the stream discharged to

the lake from falling outside the required limits. In addition, the amount of heat removed

from the neutralized stream would need to be adjusted in order to obtain the desired outlet

temperature. Clearly, several controls are needed to successfully run the process.

HCl from 
Manufacturing 

Process

Figure 12.2 The holding tank for HCl at the beginning of the acid-neutralization process

HCl from 
Manufacturing 

Process

Valve

Figure 12.3 The use of a valve to vary the flow rate from the HCl holding tank

Many years ago, processes were controlled manually by people, called operators, who

watched the dials and gauges that displayed what was going on in the process. From the

readings on the dials and gauges, and based on their experience and training, the operators

turned knobs and valves to make corrections in the process. An example of manual control

applied to the liquid level in the HCl holding tank would be to have an operator frequently

walk out to the tank and look at its liquid level and then manually open or close the valve

on the outlet stream if the liquid level in the tank were too high or too low. This form of

control was improved by adding a measurement device or sensor to detect the liquid level

and to transmit that level via an electronic signal to the control room so that it could be

determined remotely without having to walk out and look into the tank. Also, a pneumatic

valve (operated with pressurized air) was added to allow remote adjustment of the flow rate

out of the tank. With these additions, the operator could determine the level in the tank and

manually adjust the outlet flow to compensate for level changes without ever leaving the

control room.

An even better alternative to the manual control discussed above is a fully automated

control system. In such a system, a controller (usually a computer) performs the role of the

operator (Figure 12.4). Thus, the signal from the level sensor is sent to the controller instead

of to the operator. The controller then sends an output signal directly to the valve in order

to make the proper adjustment in the flow rate. Such automatic control systems consisting

of hardware and software operate continuously without direct human involvement. They

also operate precisely and consistently. Because of this, they provide more precise control,

improved safety, and improved product quality by avoiding human error and variability.
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HCl from 
Manufacturing 

Process

Level Controller
Level Sensor LC

Figure 12.4 Automated control of the level in the HCl holding tank

Strategies have been pursued for many years to perfect these automated systems

through the development of improved control algorithms (software) and better hardware.

Process control is now an essential element of modern chemical processes. In fact, process

control is considered as a standard subdiscipline of chemical engineering and represents

an area of specialty for many chemical engineers. The purpose of this section is to intro-

duce you to this aspect of chemical engineering by describing a couple of basic automatic

control strategies that are widely used.

Let’s begin our discussion with a definition:

Process Control
(Definition) Process control is maintaining a process output (e.g., a concentration, temperature,

or flow rate) within desired specifications by continually adjusting other variables in

that process.

To illustrate, consider again the liquid level in the HCl holding tank in Figure 12.4. As

mentioned previously, a control system is needed to keep this storage tank from overfilling

or draining completely. Thus, the goal is to “control” a particular variable (in this case, the

liquid level in the tank), so that variable is called the controlled variable. Furthermore, the

controlled variable (the level) is to be held at a desired value (e.g., 2 ft. from the top of the

tank), called the setpoint. Variables that affect the value of the controlled variable are called

input variables or inputs, and, in this case, include the flow rate of HCl into the tank and

the flow rate of HCl out of the tank. Some of those inputs undergo uncontrolled changes,

called disturbances, such as changes in the flow rate of HCl into the tank determined by

some unknown conditions upstream. Those disturbances cause a difference between the

value of the controlled variable and the setpoint (e.g., between the current liquid level and

the desired level); that difference is called an error. Typically, a controller is used to adjust

one of the inputs (the input being adjusted is the manipulated variable), to reduce the error.

In the case represented by Figure 12.4, the manipulated variable is the flow rate of HCl out

of the tank, which is adjusted with a valve in order to maintain the proper liquid level in

the tank. With this background, two common control strategies will now be defined and

discussed.

12.2 FEEDBACK CONTROL

The control system represented in Figure 12.4 and described above is an example of

feedback control. Let’s now generalize this strategy (see Figure 12.5). In feedback con-

trol, the controlled variable is monitored over time via some sort of sensor (level sensor,

flow meter, etc.). Using the measured values of the controlled variable, the feedback con-

troller (typically a computer) adjusts an input variable (manipulated variable) via one or
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more affectors (e.g., a valve). The structure consisting of the sensor, controller, and affec-

tor, together with the communication lines that connect them (electronic or pneumatic), is

commonly referred to as the feedback control loop.

FB
Sensor

Process Output 
(Controlled) 

Variable

Input 
(Manipulated) 

Variable

Affector

Feedback 
Controller

Figure 12.5 Elements and strategy of a feedback control loop

Feedback control can be applied to at least two other areas of the acid-neutralization

process. For example, it can be used to control the pH of the neutralized acid stream, where

the controlled variable, the pH of the liquid leaving the mixer, would be measured by a pH

sensor and fed back to a concentration controller (CC) that adjusts the NaOH flow rate

(Figure 12.6a). Feedback control could also be used to control the final outlet temperature

of the neutralized acid by sensing that temperature and adjusting the cooling water flow

rate (Figure 12.6b).

HCl Tank

NaOH Tank Mixer

Disposal 
Product

Cooling 
Water

Product 
Cooler

Control Valve

Control Valve

Temperature Sensor

TC

CC

pH Sensor

ba

Figure 12.6 Feedback control of (a) the pH and (b) the temperature of the disposal product

Note that in feedback control, the value of the controlled variable must be different

from the setpoint in order for the controller to act. Furthermore, as the value of the con-

trolled variable approaches the setpoint, the controller will continue to make adjustments

in response to the updated value of the error. When the corrections are of the proper mag-

nitude, the value of the controlled variable will approach its desired value as quickly as

possible given the system dynamics (Figure 12.7a).

Time

Value of 
Controlled

Variable
Set Point

a b c

TimeTime

Figure 12.7 Feedback control response curves when the corrections are (a) of the proper magnitude, (b) too small, and (c) too

large
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As evident from the above discussion, one characteristic of feedback control is that it

responds to the difference between the setpoint and the measured value of the controlled

variable (the “error”). The engineer can change the response of a control loop by telling the

controller how much of a change to make in the output signal for a given error (i.e., change

the parameters in the controller). Obviously, the goal is for the controller parameters to

drive the value of the controlled variable to the setpoint as rapidly as possible (Figure

12.7a). If the changes specified for a given error are too small, the response of the con-

troller will be slow or sluggish as shown in Figure 12.7b. However, if the magnitude of the

specified change is too large, the controller will overcorrect, causing oscillating behavior

(Figure 12.7c) or perhaps even an unstable response (where some process variables even

reach a dangerous level). Later in your chemical engineering curriculum you will learn to

describe the time-dependent behavior of chemical processes (your calculus becomes par-

ticularly important here). You will also learn about the algorithms used by controllers to

determine the appropriate output signal, and how to determine the parameters that are best

for a given control situation.

12.3 FEEDFORWARD CONTROL

In feedforward control, the input variables (disturbances) are monitored via sensors,

and the feedforward controller predicts the effect of the disturbances on the output and

adjusts the manipulated variable to offset the predicted effect (Figure 12.8). In contrast to

feedback control, the output (controlled) variable is not measured in feedforward control,

but the adjustment of the manipulated variable(s) is based solely on how the process is

expected to behave (from a mathematical model). Once again, the structure consisting of

the sensor, controller, and affector, together with the communication lines that connect

them (electronic or pneumatic), is commonly referred to as the feedforward control loop.

FF

Sensor
Process Output 

(Controlled) 
Variable

Input 
(Manipulated) 

Variable

Affector

Feedforward 
Controller

Figure 12.8 Elements and strategy of a feedforward control loop

Let’s apply feedforward control to the maintenance of the pH of the mixer outlet to

compensate for variations in the HCl flow rate entering the acid-neutralization process.

Feedforward control relies on measuring the disturbance(s); therefore, we would need to

add a flow sensor in the stream from the HCl holding tank. The measurements from this

sensor would be sent to a feedforward controller, which would predict the effect of changes

in this measured variable on the final pH and would determine the output signal needed to

adjust the NaOH flow rate in order to achieve the desired pH (Figure 12.9). For example,

if the HCl flow rate from the holding tank increased, the feedforward controller would

immediately increase the NaOH flow rate, without waiting for a change in the final pH to

occur before responding. In other words, an error or deviation from setpoint is not needed

for the feedforward system to respond.
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HCl Tank

NaOH Tank Mixer

Control 
ValveFF

Flow 
Sensor

Figure 12.9 Feedforward control of the pH in response to variations in HCl flow

This illustration of feedforward control to manage the pH was based on only one

disturbance, namely variations in HCl flow rate, but other disturbances might also be an-

ticipated. For example, the inlet concentration of the HCl might vary. The concentration

of the NaOH solution might also vary, even though it is purchased commercially (even

small variations could be important because of the sensitivity of the final pH to very small

changes). How would you construct feedforward control loops to compensate for these

variations?

12.4 COMPARISON OF STRATEGIES

Each of the two control strategies, feedback and feedforward control, has advantages

and disadvantages. Feedback control actually measures the controlled variable and is there-

fore capable of responding to all disturbances that affect this variable. It has the disad-

vantage, however, that the controlled variable must deviate from the desired value before

corrective action is taken (i.e., there must be an error). Thus, it is possible that systems

that respond slowly to corrections (i.e., systems that require a long time to come back to

the set point after a deviation occurs) may deviate significantly from the desired setpoint

when under feedback control. Feedforward control has the advantage that it can correct

for measured disturbances before the controlled variable is affected. Therefore, it has the

potential of preventing the controlled variable from deviating from the desired value and

can be very advantageous in some systems. However, feedforward control does not di-

rectly measure the controlled variable, but relies on some kind of model to predict its

value from the values and trends of the input variables. Any errors or imperfections in the

model, such as inaccurate predictive equations or failure to account for all disturbances,

will lead to deviations of the controlled variable from the desired value, a situation that

cannot be corrected with feedforward control. Consequently, feedback control is the con-

trol strategy most commonly used. In situations where feedforward control is particularly

advantageous, it is usually used in combination with feedback control to achieve the best

of both strategies.

In keeping with the philosophy described above, Figure 12.10 illustrates the three

feedback control loops we have mentioned for the acid-neutralization process (the level in

the HCl holding tank, the pH of the neutralized acid, and the cooler outlet temperature).

It also shows the one feedforward loop we have discussed for controlling the pH of the

neutralized acid used in combination with the feedback loop for that same system.

Controllers being produced and installed today are digital computers that communi-

cate with the sensors and affectors. Computer-based controllers offer flexibility in control

equations and parameters and the ability to interface multiple control systems together.
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Figure 12.10 The acid-neutralization process with feedback control loops, including a level controller (LC), temperature

controller (TC), and concentration controller (CC), and with a feedforward controller (FF)

♦ Batteries and Hybrid Vehicles as Applications of Process Control

Besides controlling the product quality in an industrial

facility (e.g., a large chemical or food plant), control systems

are also prevalent in our everyday lives. Examples include

the control of the temperature in your oven, the thermostat

that controls your furnace, and the cruise control on your car

(not to mention the numerous control systems that keep your

car running properly). Here are two everyday applications of

process control that you might not be aware of.

One common use of control is the charging system for

batteries. Batteries are used pervasively in today’s world of

mobile electronics. Of particular interest are rechargeable

lithium-based batteries for applications such as cell phones

and portable computers. While rapid charging is desirable

from a consumer perspective, battery capacity and lifetime

can be severely reduced by overcharging, charging too fast,

or other forms of charging that are not suitable. Fortunately,

these issues are easily addressed with electronic systems (tai-

lored to the specific battery chemistry) that control the charg-

ing of the battery. Thus, chemical and electrical engineers

work closely to design, characterize, and control battery op-

eration in order to optimize performance.

Hybrid electric vehicles represent an application of con-

trol that is becoming increasingly important. These vehicles

use multiple power sources to reduce emissions and greatly

enhance overall fuel efficiency. For example, Toyota’s Prius

is a power-split or series-parallel hybrid that can be oper-

ated on the combustion engine alone or the batteries alone,

or using a combination of both.1 Maximum flexibility is ob-

tained by interconverting between mechanical and electri-

cal power. The operation of the vehicle is directed by a so-

phisticated control system that determines the best source of

power based on driving conditions and the state-of-charge

of the batteries. Toyota has clearly led the way in hybrid ve-

hicle development with the innovative Prius, an engineering

work of art that is protected by hundreds of patents.2.

Toyota Prius III, courtesy of S 400 Hybrid3
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READING QUESTIONS

1. Why is a combination of feedback and feedforward control

better than using either feedback or feedforward control alone?

2. Identify the controlled variable and the manipulated vari-

able in the control loops represented in Figures 12.6a and 12.6b.

HOMEWORK PROBLEMS

1. For each of the following systems, identify the control mode

as either feedback or feedforward, and identify the controlled

variable and the manipulated variable:

a. Thermostat in your home or apartment

b. Speed (cruise) control in an automobile

2. Each of the following activities has some aspects that ex-

hibit feedback control and some that exhibit feedforward con-

trol. For each activity, describe at least one aspect that is feed-

back and one that is feedforward:

a. Riding a bicycle

b. Being a student

3. Consider a feedforward control loop to control the cooling-

water flow rate in the acid-neutralization process.

a. What disturbances might be important to anticipate in

the controller?

b. Design (sketch) such a control loop and identify the im-

portant components.

c. If you could only use a feedback loop or a feedforward

loop for this particular application, which is preferred?

Why?

4. A reactor in which an endothermic reaction takes place

is held at constant temperature via a heating fluid circulated

through a heating jacket around the reactor, as shown.

Feed

Reactor
Heating 
Jacket

Product

Heating 
Fluid

a. Sketch a feedback control loop for this process to con-

trol the temperature inside the reactor by adjusting the

flow rate of the heating fluid. In your sketch, label all

the components of the loop.

b. Sketch a feedforward control loop for this process to

control the temperature inside the reactor by adjusting

the flow rate of the heating fluid. Your control loop should

be capable of responding to variations in the tempera-

ture of the incoming heating fluid and variations in the

flow rate of the incoming reactor feed (and hence the

rate of reaction).



Chapter 13

Economics
(Is It All Worth It?)

Up to this point we have focused principally on technical aspects of engineering. How-

ever, most practical engineering decisions must be evaluated based on economics. There-

fore, the ability to perform an economic analysis is an essential engineering skill. In this

chapter, we identify different types of engineering costs and develop some of the basic

skills needed for economic evaluation.

13.1 COSTS

There are two basic types of engineering costs, capital costs and operating costs. Cap-

ital costs are the initial costs of building the process – the costs associated with purchasing

or building such items as reactors, heat exchangers, computers, control valves, piping, and

so on. Operating costs are the day-to-day costs of operating equipment and running the

process. They include the costs of raw materials, pumping, heating and cooling, labor,

maintenance, and so forth. It is important to consider both types of costs over the entire

lifetime of equipment to get an accurate picture of overall cost. To illustrate this concept,

let’s consider the choice between two hypothetical water heaters, one an expensive high-

efficiency model and the other a less-expensive model with a lower efficiency, as shown

in Table 13.1. In this example, the savings in the energy cost (operating cost) for the high-

efficiency model over the 10-year lifetime of the water heaters more than compensates for

the initial difference in the capital cost.

Table 13.1 Capital and Operating Costs for Two Hypothetical Water Heaters

High-Efficiency Standard

Water Heater Water Heater

Purchase (capital) cost $550 $338

Operating cost per year $129 $172

Lifetime 10 years 10 years

Total cost $1,840 $2.058

Costs typically grouped under the general heading of capital costs or capital invest-

ment include the purchase, delivery, and installation of equipment items that were designed

using the methods introduced in previous chapters (e.g., reactors and heat exchangers). The

cost of piping, instrumentation, buildings, service facilities, and land are also considered

part of the capital investment. Also included are the costs of engineering and design, con-

struction, contractor fees, and permits. You will learn more about these costs and how to

estimate them in subsequent chemical engineering courses.

209
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In this introductory treatment, we will use a simplified approach, useful for initial de-

sign calculations, to estimate the capital investment. We begin by determining the purchase

cost of the individual equipment items that make up the chemical process. The most ac-

curate way to obtain a purchase price for a particular equipment item is simply to contact

the vendor. However, cost correlations are frequently used in place of vendor quotes since

they are quicker and easier to use for initial design calculations. Examples of such corre-

lations are provided in Table 13.2. These particular correlations assume carbon steel as the

material of construction. They also use the Marshall & Swift Equipment Cost Index (M&S

Index), which reflects the current average cost for equipment and is inserted into the cost

correlations to determine costs applicable to a particular year. For example, insertion of the

M&S index for 2008 will provide a cost applicable to that year. Values for the M&S Index

are published in several chemical engineering-related magazines (e.g., in the back of each

issue of the magazine Chemical Engineering1).

Table 13.2 Sample Correlations to Estimate Equipment Prices (from reference 2)

Tank or Reactor Cost ($) =

(

M&S

814

)

(

47.0V 0.61
)

where V is the volume in gallons

Heat Exchanger Cost ($) =

(

M&S

814

)

(

398A0.65
)

where A is the area of the heat exchanger in f t2

Centrifugal Pump Cost ($) =

(

M&S

814

)

(

421V̇ 0.46
)

where V̇ is the volumetric flow rate in gal/min

The purchase prices from Table 13.2 do not include delivery costs that are approxi-

mately 4-10% of the purchase price. As a conservative estimate, we will assume a delivery

cost of 10% for our purposes here.

Once the cost of the equipment is known, it can be used to estimate the capital in-

vestment, which includes the cost of equipment installation. This is done by multiplying

the cost of the purchased equipment (delivered) by a scaling factor called the “Lang” fac-

tor. The value of the Lang factor for a major plant addition to an existing site has been

estimated3 to be 6.0. Using this factor and the price of the delivered equipment, the capital

investment can be estimated as shown in the following example:

EXAMPLE 13.1 The purchase prices of equipment needed for a plant expansion total $900,000. Use the guidelines

for delivery costs and capital investment given above to estimate the capital investment for this ex-

pansion.

SOLUTION Purchase price (given): $900,000

Delivered purchase cost: (110%)($900,000) = $990,000

Capital investment: (6.0)($990,000) = $5,940,000
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Operating costs include the costs of raw materials, utilities, electric power, labor and

benefits, legal services, maintenance, advertising, public relations, insurance, transporta-

tion, and so forth. Some of these items can be directly calculated from prices of materials

and utilities. Others are estimated from simple formulas based on experience. Detailed de-

termination of the operating costs is beyond the scope of this book. For problems that we

will consider, specific information will be given that will allow estimation of the operating

costs for each particular problem.

13.2 PROFITABILITY

A task frequently faced by a design engineer is the evaluation of the profitability of a

potential investment. The first task is to estimate the gross annual profit. This is done by

taking the sales per year (i.e., the number of items sold times the price per item) and sub-

tracting yearly operating costs and the depreciation per year of the facility. Depreciation

reflects the fact that the value of the equipment, and the like, decreases with time much as

your car decreases in value. The annual depreciation is approximated as the capital invest-

ment (or some fraction thereof) divided by the lifetime of the facility (in the United States,

that “lifetime” is established by the Internal Revenue Service). Hence,

Gross annual profit = Sales – Operating costs – Depreciation (13.1)

The profit after taxes is obtained by multiplying the gross annual profit by (1− φ ),

where φ is the fractional tax rate (e.g., if the tax rate is 35%, φ is 0.35). Therefore, the Net

Annual Profit After Taxes (NAPAT) is

NAPAT = (1−φ)Gross annual profit (13.2)

To estimate profitability, the NAPAT is compared with the size of the initial investment

and with the amount of profit that could have been generated by other kinds of investments

with the same amount of money. One simple measure of profitability used in the past is the

Return On Investment (ROI), which is defined as

ROI =
NAPAT

Capital Investment
(13.3)

and represents the fraction of the initial investment returned each year. It should be pointed

out that although it is suitable for our present purposes, ROI is not typically used by prac-

ticing engineers. This is because it does not account for the “time value of money” or the

fact that it is more valuable to have a certain amount of money now than it is to have the

same amount of money available at a future date. The time value of money is an important

factor in the assessment of plant profitability since the money is invested now in order to

make a profit in the future. You will learn how to account for this factor in later chemical

engineering courses. For now, we will use the ROI to perform a preliminary assessment of

profitability.

Investment in chemical plants or processes involves a certain amount of risk. This risk

is greater than that associated with investments such as savings accounts or government

bonds. For example, an unforeseen shift in the market demand can make an investment

unprofitable. Consequently, a higher rate of return is required by investors to justify the

additional risk. In other words, investors will not be willing to take the additional risk un-

less the potential return is significantly higher than that offered by alternative investments.

Therefore, our company might not consider an investment to be justifiable unless it has an

ROI value of approximately 15% or greater.
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13.3 ECONOMICS OF THE ACID-NEUTRALIZATION PROBLEM

As mentioned above, the type of calculation described here applies to the modification

of existing plants, such as the addition of a facility to conform to environmental regulations.

Such modifications are evaluated by the companies involved to determine whether the costs

can be justified (i.e., whether the overall plant and operation constitute a profitable venture

as compared with alternative investments). If the conclusion is affirmative, the modifica-

tions are made. If the analysis yields a negative result (i.e., the profitability of the modified

plant and operation are judged to be inadequate), the modifications are not made. In the

latter case, the plant might continue to operate without the modifications if possible and

if profitable. Conversely, if prohibited from operating by governmental restrictions or by

other limitations, the plant might be closed.

In the case of our problem, the company needs to determine the profitability of the

overall operation with the addition of the proposed acid-neutralization facility. The capital

investment will be the cost to build the new facility. The new operating costs will include

the cost associated with operating the existing plant (of course, without the expense of

having the external contractor dispose of our acid byproduct) plus the costs of operating

the new acid-neutralization process. The sales will continue to be generated by the product

from the existing part of the plant, whose continued operation depends on the addition of

the new facility. We will begin by estimating the capital costs for the acid-neutralization

facility.

The capital costs associated with our acid-neutralization process will include costs for

the following equipment items:

1. HCl tank

2. NaOH tank

3. HCl pump

4. NaOH pump

5. Cooling water pump

6. Heat exchanger

The purchase price of each of these items will now be estimated, and for that estimation,

we will use the annual 2009 value for the M&S Index (for illustration purposes), which is

1469.

We have not discussed the size of the tanks for holding the HCl and NaOH. How-

ever, we learned in Chapter 3 that the average HCl flow rate would be 11,600 L/hr (51.1

gal/min), and we determined in Chapter 6 that the optimum flow rate for the NaOH would

be 6,500 L/hr (28.6 gal/min), where it is left to you to verify the values in alternate units

shown in parentheses. The sizes of the holding tanks would depend on such factors as the

NaOH delivery rate and reliability, the average deviations in HCl flow rate from the exist-

ing process, and so on. For our economic analysis, we will assume that these factors lead

us to decide that our holding tanks should be able to hold one week’s worth of HCl and

NaOH, respectively. Thus, the volumes of the tanks would be

HCl tank:

11,600L

hr

(

0.26417gal

L

)(

24hr

day

)(

7days

week

)

= 514,814gal
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NaOH tank:

6,500L

hr

(

0.26417gal

L

)(

24hr

day

)(

7days

week

)

= 288,474gal

and, from Table 13.2, the estimated purchase prices (rounded to the nearest $100) of these

tanks would be

HCl tank:

Cost ($) =

(

1469

814

)

[

47.0 (514,814gal)0.61
]

= $258,600

NaOH tank:

Cost ($) =

(

1469

814

)

[

47.0 (288,474gal)0.61
]

= $181,600

Also from the table, the purchase prices of the pumps are estimated directly from the

flow rates. We note that the flow rate of required cooling water was determined in Chapter

10 to be 43,440 L/hr (191.3 gal/min). Thus, the purchase prices are

HCl pump:

Cost ($) =

(

1469

814

)

[

421 (51.1gal/min)0.46
]

= $4,600

NaOH pump:

Cost ($) =

(

1469

814

)

[

421 (28.6gal/min)0.46
]

= $3,600

Cooling water pump:

Cost ($) =

(

1469

814

)

[

421 (191.3gal/min)0.46
]

= $8,500

Finally, the required area for the heat exchanger was determined in Chapter 10 to be

89.3 m2 or 818 f t2, which allows us to estimate the purchase price from Table 13.2:

Heat exchanger:

Cost ($) =

(

1469

814

)

[

398
(

818 f t2
)0.65

]

= $56,200

The total purchase price of the equipment comes to $513,100. Thus, the complete es-

timate of the capital investment for the acid-neutralization process would be:

Purchase price (as just calculated): $513,100

Delivered purchased cost: (110%)($513,100) = $564,400

Capital Investment: (6.0)($564,400) = $3,386,000

We will assume that the original plant has been fully depreciated, so we can evaluate

the entire plant from this point in time based on this new investment. Suppose that we can
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depreciate the addition over 10 years (i.e., $339,000/year). Suppose, further, that a detailed

analysis of the operating costs for the entire plant, including the new facility, yields an

estimate of $4,777,000 per year. Gross sales are estimated to be $6.09 million per year,

and the tax rate for the company (including tax credits for environmental improvements) is

33%. Thus,

(from Eq. 13.2):

NAPAT = (1− .33)($6,090,000−$4,777,000−$339,000)= $653,000

(from Eq. 13.3):

ROI =
$653,000

$3,386,000
= 19.3%

Provided that this rate of return is considered justifiable by your company, the modifi-

cation can receive approval. The only step now remaining is to formulate your proposal to

your supervisors, and to make a convincing presentation.

13.4 REPORTING THE RESULTS

In the design of a process or other project, the economic analysis is usually the final

step, since it requires that all other aspects of the project be completed first. Therefore,

completion of that economic analysis usually means that the project is at a point where the

results can be communicated to other interested parties. This communication is usually in

the form of a written report.

The most common formats for written engineering reports are formal reports and short

or memo reports, and the choice of formats is based on the intended audience and on

company preferences. Regardless of the format, engineering reports should communicate

the following kinds of information:

1. Summary of the problem (never assume that the boss or other readers will remem-

ber or know what it was all about)

2. Summary of the options that were considered, and the option that was chosen

3. Description of the process that was chosen and designed (including the major items

of equipment)

4. Summary of the economics of the process (including the capital investment and the

ROI)

5. Recommendations concerning whether to implement the design (i.e., to complete

a detailed design and to build the facilities)

The longer formal report usually includes several sections, often with each one dedicated

to one of the items on the above list. It usually also includes an abstract (to enable the busy

executive to quickly read the most essential points of the report) and an appendix contain-

ing minute details of the procedures and analyses (to enable a colleague to reproduce or

evaluate the work). The memo report incorporates all of the information in the above list

but does so in a brief (often a one-page) presentation, usually with an extensive appendix

attached. An example memo report for our acid-neutralization project is presented below.
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ABC Chemical Company

Memorandum

To: Barbara Magelby, Supervisor, Chemical Process Group

From: 〈your name〉, Project Engineer

This memo is to provide an update on the progress our group has made toward finding a solution to

the HCl disposal problem. As you know, it is anticipated that the company that has been disposing of

our HCl byproduct will soon be out of business. Our group has been charged to propose a strategy,

design, and preliminary cost analysis for safely and legally disposing of the acid waste. To this end,

we have considered several options, including (1) changing our company process so that the waste

acid stream is not produced, (2) contracting with another independent company to dispose of the

acid, (3) long-term storage of the acid on site, (4) use of an evaporation pond to concentrate the

waste solution, (5) treatment of the waste stream (acid neutralization) followed by discharge into the

lake adjacent to the plant site, and (6) closing the plant. Our initial analysis indicated that the most

economical and reliable of these options would be to neutralize the acid ourselves and then dispose

of the stream (option 5). This conclusion is supported in the Appendix that accompanies this memo.

In support of this option, we have completed the preliminary design of an acid-neutralization process

for treatment of the waste stream. The process consists of storage tanks for the waste acid and the

base (NaOH) that will be used to neutralize the acid, a mixer to facilitate mixing of the acid with the

base, a heat exchanger to cool the stream to an environmentally acceptable outlet temperature, and

the necessary pumps, piping, and instrumentation. The estimated capital cost for the project is $3.39

million. This option would allow the plant to continue operation at the current rate, which produces

$6.09 million in gross sales annually. The annual operating cost for continued production, including

the acid-neutralization process, is estimated as $4.78 million, where the current cost of acid disposal

has been credited. The estimated ROI is 19.3%, well above the company minimum of 15%.

Given the above, we strongly recommend that the company pursue construction of the acid-

neutralization process as quickly as possible. We estimate that the project can be completed in less

than a year and be online when needed. In case of delays, or if the facility is needed sooner than

anticipated, it will be necessary to temporarily store the acid on site. The treatment facility has been

sized to accommodate acid flows in excess of those produced by our current process, so that the acid

that must be stored can be treated at a later date. The excess capacity also provides the company

with the option of increasing production rates in the future if desired. Additional costs associated

with delays, and so forth, have been factored into the cost analysis.

Please do not hesitate to contact me if you have any questions or require additional information.

We are ready to complete the final design and begin construction should the company choose the

recommended option. In any case, we await your instructions.

REFERENCES
1. Chemical Engineering, publication of McGraw-Hill Co., New York.

2. Baasel, W.D., Preliminary Chemical Engineering Plant Design, 2nd ed., New York: Van

Nostrand Reinhold, 1990.

3. Peters, M.S. K.D. Timmerhaus, and R.E.West, Plant Design and Economics for Chemi-

cal Engineers, 5th Edition, New York: McGraw-Hill, 2003.
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READING QUESTIONS

1. What would the total cost for the two water heaters in Table

13.1 have been if figured for a lifetime of 5 years instead of 10

years?

2. Define each of the following: NAPAT , ROI, φ

3. Describe in your own words what the ROI represents. Is

it possible for the ROI to be greater than 100%? Justify your

answer.

HOMEWORK PROBLEMS

1. Your assignment is to determine the return on investment

for an ammonia plant that is being considered for construction.

The plant will produce 55,650 kg/hr of ammonia, which sells

for $0.60/kg. The plant will operate 24 hours per day and have

a service factor of 0.92 (in other words, the plant will be pro-

ducing during 92% of the available hours of the year). The total

investment for the plant is projected as $166 million, which can

be depreciated over 12 years. The annual operating cost of run-

ning the plant is estimated to be $220.4 million.

a. Use a spreadsheet to determine the ROI for tax rates

ranging from 0% to 50% (in 5% increments).

b. What is the ROI for the current tax rate of about 35%?

c. How significant are taxes when determining profitabil-

ity? (Justify your response.)

2. Determine a 2008 delivered purchase price for the items

listed below. The M&S index for 2008 is 1449.

a. A tank with a volume of 500,000 gal.

b. A heat exchanger with an area of 3500 f t2.

c. A centrifugal pump for pumping 150 gal/min.



Chapter 14

Case Studies
(Integrating It All Together)

This chapter consists of two case study problems, each one requiring the design of a

process. Whether you are assigned to complete one design or both designs, the exercise

will address several purposes. First, the design problem(s) will provide an opportunity for

you to review many of the topics covered during the course of this semester. Second, the

design exercise will provide an opportunity for you to work in teams on a project. Finally,

the design will provide the opportunity for you to apply the topics from separate chapters

in an integrated fashion to the solution of a single engineering problem.

14.1 USING ENGINEERING TEAMS FOR THESE CASE STUDIES

The value of teams and the possible roles of team members were introduced in Chapter

3. Table 14.1 suggests some assignments, particularly suited to team learning coupled with

team engineering, that might be used for a case study.1 As you begin working with your

team, refer to Table 3.1, which briefly describes some of the stages of team development.

You will want to help your team move past the “Storming” stage to the “Performing” stage

as quickly as possible.

Table 14.1 Suggested Team Assignments for the Case Study

Leader/facilitator

Identifies and explains goals of the team’s work meetings

Assembles/prepares materials for team meetings (runs for additional material, if needed)

Communicates with higher bosses (e.g., the instructor – to reinforce this role, the instructor may

want to require that only the leader communicate with him or her)

Keeps the team focused and on track

Technical expert/coach

Makes sure the work is technically correct

Relates the principles of the project to material previously studied

Ensures the correctness of summaries and student explanations

Learning checker/promoter

Regularly checks each team member’s understanding of the principles (periodically asks each

team member to explain procedures)

Makes sure that all team members participate (no silent observers)

Summarizer/recorder

Writes down the team’s decisions

Summarizes the accomplishments of the team meeting

Edits the team’s report

Team observer

Keeps track of how well the team is functioning and the extent to which team members are

learning and able to contribute positively to the group

217
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In order to clearly identify the material for the two separate problems, each problem

is presented in its entirety within a labeled frame. Since there are similarities between the

two problems, some of the same information appears in both problem descriptions.

14.2 CASE STUDY 1: MANUFACTURE OF ASPIRIN

Project Description

In the manufacture of aspirin, acetylsalicylic acid (ASA, the active ingredient in aspirin) is synthesized using the reaction

salicylic acid + acetic anhydride → acetylsalicylic acid + acetic acid

The presence of phosphoric acid catalyzes the irreversible reaction, which proceeds with kinetics that are first-order with respect

to salicylic acid concentration (kreaction = 0.5 s−1). Further, the reaction is exothermic (∆Hreact = −85,800 J/gmol of salicylic acid

reacted). A simplified process is described below:

The following three streams will be continuously fed to a reactor at 70◦C:

Feed Stream Component Flow rate

1 Crystalline salicylic acid 2000 kg/hr

2 Liquid acetic anhydride (pure) 5000 L/hr

3 Liquid concentrated (95%) phosphoric acid 1250 L/hr

The salicylic acid will enter the reactor as a crystalline solid but will dissolve in the acetic anhydride.

The reactor is a continuously stirred tank reactor, where 99.5% of the salicylic acid will be converted to acetylsalicylic acid

(also dissolved). Furthermore, the contents of the reactor will be maintained at 70◦C in the reactor by a cooling jacket around the

reactor (carrying cooling water as needed).

The outlet stream from the reactor will flow to a mixer where it will be joined by an additional stream of ultrapure water (22,000

L/hr, 25◦C). The water will react with the excess acetic anhydride to form more acetic acid, according to the reaction

acetic anhydride + water → 2(acetic acid)

This reaction proceeds to 100% conversion in the mixer, so the sizing of a “reactor” for this step is not necessary. Further, this

reaction is also exothermic, but the extent of this reaction is small enough in this case to justify neglecting the heat of the reaction.

The mixed product stream leaving the mixer will enter a centrifugal pump, which will boost the pressure to the value needed to

pass through the remainder of the process (leaving the final filtration sequence at atmospheric pressure).

The stream leaving the pump will enter a product cooler (a heat exchanger) in which it will be cooled to 25◦C using cooling

water as the other stream in the exchanger.

The water addition and cooling step will promote the crystallization of the acetylsalicylic acid (and any unreacted salicylic

acid), and the stream will then enter a filtration sequence to separate the crystals (aspirin stream) from the other byproducts (acetic

acid byproduct stream, which is sold).

Technical Details

1. Individual Properties

Salicylic Acetic Phosphoric Acetylsalicylic Acetic Water

Acid (liq) Anhydride Acid Acid (liq) Acid

Formula C7H6O3 C4H6O3 H3PO4 C9H8O4 C2H4O2 H2O

M.W. 138.1 102.1 98.0 180.2 60.1 18.0

M.P. (◦C) 159 –73 21 135 17 0

B.P. (◦C) 211 139 158 140 118 100

Density (g/cm3) 1.44 1.08 1.68 1.35 1.05 1.0
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Case Study 1 Manufacture of Aspirin (continued)

2. Treat the concentrated phosphoric acid (95% PA, 5% water) as pure phosphoric acid.

3. Assume the following stream heat capacities:

reactor outlet stream 1.67 J/g◦C

ultrapure water and cooling water streams 4.184 J/g◦C

mixer outlet stream 3.41 J/g◦C

4. To determine the mixer outlet temperature, construct separate heat balances on the ultrapure water stream and reactor outlet

stream. The outlet temperatures of both streams must be the same, and the heat needed to cool the reactor outlet stream from

its entering temperature must equal the heat to raise the ultrapure water temperature from its entering temperature.

5. Cooling water is available at 18◦C and has a maximum return temperature of 40◦C. In selecting the actual return cooling

water temperature, assume that you want to minimize the cost of cooling water (even though this will affect the size and

cost of the heat exchanger). However, a second and overriding constraint is the rule of thumb that the minimum temperature

difference (either ∆T1 or ∆T2, see Figure 10.11) for a heat exchanger is 5◦C.

6. Assume countercurrent, single-pass heat exchangers.

7. Assume that the separation system is isothermal (operates at constant temperature).

8. For the purposes of sizing the pump, the pressure drop due to friction in each of the units downstream of the pump is esti-

mated to be as follows:

heat exchanger 22 psi

filtration sequence 260 psi

9. The separation system uses a complex scheme of multiple steps. For this preliminary design, simply represent the separation

system by a box labeled “Separation System.”

10. The cost of the separation system can be approximated as $2.9 million (delivered price).

11. The following market costs/values apply:

Salicylic acid $1.33/lbm

Acetic anhydride $0.49/lbm

Phosphoric acid $0.34/lbm

Ultrapure water $0.03/lbm

Acetylsalicylic acid (aspirin) $3.97/lbm

Acetic acid byproduct stream $0.013/lbm

12. The following utility costs apply:

cooling water $0.03/1000 gal

electricity $0.05/kW -hr

13. The total operating cost per year can be estimated as 1.55 times the sum of the feed cost, cooling water costs, and electricity

costs (excluding the filtration sequence, for which these values are not known). In other words,

Operating cost = 1.55(Feed cost + Cooling water cost + Electricity cost)

14. The direct capital costs for the reactor, heat exchangers, and pump can be estimated from the formulas in Table 13.2 and

using the current value of the M&S Index (look in the back of a current issue of the magazine Chemical Engineering2).

15. The current tax rate is 35%; we are allowed to depreciate our equipment over 10 years; and our company requires a minimum

ROI of 0.15. In our case, 85% of the capital investment can be depreciated.
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Case Study 1 Manufacture of Aspirin (continued)

Assignment

1. Draw a PFD for the process.

2. Perform material balances on the process, one unit at a time, to determine the component flows for each stream.

3. Perform energy balances to determine the unknown temperatures of the streams and/or the heat duties for the heat exchangers

and reactor.

4. Calculate the amount of steam and cooling water needed for the heat exchanger(s) and reactor(s).

5. Design the reactor(s) – determine the reactor volume(s) needed to achieve the specified conversion.

6. Determine the work required for the pump assuming that the pump is 85% efficient (only 85% of the energy added to the

pump is transferred to the fluid).

7. Size all heat exchangers using approximate values of Uo from Table 10.4.

8. Complete a stream table showing, for each stream, the mass flow rates of all components, the temperature, and the pressure.

The stream table would be as follows:

Process Reactor Mixer Pump Cooler Separator Outlet

Feed Outlet Outlet Outlet Outlet #1 #2
Flows (kg/hr):

salicylic acid

acetic anhydride

phosphoric acid

acetylsalicylic acid

acetic acid

water

Total

Temp. (◦C)

Pressure (kPa)

9. Complete an equipment specification list containing the following kinds of information:

Pumps: For each pump, provide the required horsepower.

Heat exchangers: For each exchanger, provide the heat duty (Btu/hr), area, Ao ( f t2), and required steam (lbm/hr) or cooling

water (lbm/hr).

Reactor: For each reactor, provide the volume (liters), heat duty for the heating/cooling jacket (Btu/hr), and required flow

(lbm/hr) of steam or cooling water for the jacket.

10. Determine the ROI for this project.

11. Suggest three ways to potentially improve the economics of this process. Explain why you believe your suggestions may

make a significant improvement.
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14.3 CASE STUDY 2: MANUFACTURE OF XYLENES

Project Description

Xylenes are used as raw materials for the manufacture of polyesters, which are used for textile fibers, photographic film, and

soft-drink bottles. The process to be added to an existing facility involves an isomerization reactor wherein meta-xylene (m-x)

is converted to ortho-xylene (o-x) and para-xylene (p-x). Note that all three of these compounds are isomers (same elemental

composition with different chemical structure). Therefore, they have the same molecular weight (MW = 106). For our purposes

here we will assume that equal amounts of o-x and p-x are produced so that the reaction proceeds as follows:

2m-x → o-x + p-x

This liquid phase reaction is assumed to be irreversible and is approximated by first-order kinetics with a rate constant of kr =

0.133 min−1. The reaction is slightly endothermic (∆H̃react.m−x = 295 cal/gmol of m-x reacted). The simplified process is described

in the following paragraphs.

A liquid feed stream will enter the process at atmospheric pressure and a temperature of 77◦F at a rate of 1 million kg/day. The

mass fractions of that feed stream are

Feed Stream o-x m-x p-x

0.29 0.48 0.23

A centrifugal pump will be used to increase the pressure of the stream sufficiently to overcome the pressure drop due to friction

in each of the components of the process (see the additional information given below). Following the pump, the stream will pass

through a shell-and-tube heat exchanger where the temperature will be increased to 500◦F using steam. The hot pressurized stream

will then be fed into a well-mixed isothermal reactor (maintained with a steam jacket around the reactor) where 70% of the m-x

will be reacted to form products. The product stream from the reactor will be cooled as much as possible with cooling water in

another exchanger before entering the separation system. The separation system will yield three streams with the following mass

fractions and that are all at the same temperature:

Outlet Stream o-x m-x p-x

1 1.00 0.00 0.00

2 0.00 0.03 0.97

3 0.00 0.70 0.30

Technical Details

1. Assume that the separation system is isothermal (operates at constant temperature).

2. The separation system uses a complex scheme of multiple steps. For this preliminary design, simply represent the separation

system by a box labeled “Separation System.”

3. Assume countercurrent, single-pass heat exchangers

4. The heat capacity (C̄p) is essentially the same for all xylene streams and can be approximated for this preliminary estimate

by an average value of 35 Btu/lbmol◦F .

5. The density of xylenes varies as follows:

0.4

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400 500 600

g/cm 3



222 Chapter 14 Case Studies

Case Study 2 Manufacture of Xylenes (continued)

6. Saturated steam is available at 545◦F (1000 psig), and ∆Ĥvap = 650 Btu/lbm. When used for a heater or a reactor, the amount

of steam that is used is only that which is condensed, and the condensate leaves as saturated liquid.

7. Cooling water is available at 90◦F and has a maximum return temperature of 120◦F . In selecting the actual return cooling

water temperature, assume that you want to minimize the cost of cooling water (even though this will affect the size and cost

of the heat exchanger). Also, the heat capacity of water is 1.0 cal/g◦C.

8. In selecting the temperature of the process stream leaving the cooler, observe the rule of thumb that the minimum temperature

difference (either ∆T1 or ∆T2, see Figure 10.11) for a heat exchanger is 10◦F .

9. The pressure drop due to friction in each of the units is estimated to be as follows:

heat exchanger 15 psi

reactor 5 psi

product cooler 15 psi

separation system 165 psi

The outlet pressure from the separation system is atmospheric pressure. For this preliminary design, the pressure drops in

the pipes between the major components may be neglected. The pipes are all the same diameter, and there are no significant

elevation changes. You may also ignore the changes in kinetic energy associated with having one inlet and three outlets in

the separation system (it would be instructive for you to think about how large such kinetic energy terms would be, say, with

a 6-in ID pipe, compared with the large pressure drop term for the separation system).

10. The direct capital costs for the reactor, heat exchangers, and pump can be estimated from the formulas in Table 13.2 and

using the current value of the M&S Index (look in the back of a current issue of the magazine Chemical Engineering2).

11. The following utility costs apply:

steam: $5.20/1000 lbm

cooling water: $0.03/1000 gal

electricity: $0.05/kW -hr

12. The following market values/costs apply:

feed stream: $0.88/gal

ortho-xylene product stream: $0.22/lbm

para-xylene product stream: $0.22/lbm

byproduct (70% meta-xylene) stream: $0.12/lbm

13. The cost of the separation system can be approximated as $6.5 million (delivered price).

14. The total operating cost per year can be estimated as 1.5 times the sum of the feed cost, steam costs, cooling water costs, and

electricity costs (excluding the separation system, for which these values are not known). In other words:

Operating cost = 1.5(Feed cost + Steam cost + Cooling water cost + Electricity cost)

15. The current tax rate is 35%; we are allowed to depreciate our equipment over 10 years; and our company requires a minimum

ROI of 0.15. In our case, 85% of the capital investment can be depreciated.

Assignment

1. Draw a PFD for the process.

2. Perform material balances on the process, one unit at a time, to determine the component flows for each stream.

3. Perform energy balances to determine the unknown temperatures of the streams and/or the heat duties for the heat exchangers

and reactor.

4. Calculate the amount of steam and cooling water needed for the heat exchangers and reactor.

5. Design the reactor(s) – determine the reactor volume(s) needed to achieve the specified conversion.
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Case Study 2 Manufacture of Xylenes (continued)

6. Determine the work required for the pump assuming that the pump is 85% efficient (only 85% of the energy added to the

pump is transferred to the fluid).

7. Size all heat exchangers using approximate values of Uo from Table 10.4.

8. Complete a stream table showing, for each stream, the mass flow rates of all components, the temperature, and the pressure.

The stream table would be as follows:

Process Pump Reactor Reactor Separator Separator Outlet

Feed Outlet Feed Outlet Feed #1 #2 #3
Flows (lbm/hr):

m-xylene

o-xylene

p-xylene

Total

Temp. (◦F)

Pressure (psig)

9. Complete an equipment specification list, containing the following kinds of information:

Pumps: Provide the required horsepower

Heat exchangers: For each exchanger, provide the heat duty (Btu/hr), area, Ao (ft2), and required steam flow rate (lbm/hr)

or cooling water flow rate (lbm/hr)

Reactor: Provide the volume (liters), heat duty for the heating jacket (Btu/hr), and required steam flow rate (lbm/hr) for

the jacket.

10. Determine the ROI for this project.

11. Suggest three ways to potentially improve the economics of this process. Explain why you believe your suggestions may

make a significant improvement.
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definition, 51

relation to other flow rates, 52

W

weight, definition, 48

work

related to friction, definition, 108

flow, 108, 163, 164

rate, defined as power, 117

shaft, 108, 109, 112, 115, 119, 163,

164, 171, 177, 186


	COVER
	Title Page
	Copyright
	About the Authors
	Preface
	CONTENTS
	Symbols
	Conversion Factors
	Defined Units and Prefixes
	Atomic Weights and Values of R
	CHAPTER 1 WHAT IS CHEMICAL ENGINEERING?
	1.1 Scenario: An Assignment
	1.2 What is Chemical Engineering?
	1.3 The Impact of Chemical Engineering
	1.3.1 Chemical Engineering Achievements
	1.3.2 Grand Challenges
	1.3.3 Humanitarian Engineering

	1.4 The Chemical Engineering Discipline
	1.4.1 Fundamental Topics in Chemical Engineering
	1.4.2 Professional Activities in Chemical Engineering

	Reading Questions
	Homework Problems

	CHAPTER 2 THE ROLE OF CHEMICAL PROCESSING
	2.1 What is a Chemical Process?
	2.2 Representing Chemical Processes Using Process Diagrams
	2.2.1 Block Diagrams
	2.2.2 Process Flow Diagrams (PFD)

	Reading Questions
	Homework Problems

	CHAPTER 3 SOLVING ENGINEERING PROBLEMS
	3.1 Strategies for Solving Problems
	3.2 Ethical Considerations in Solving Problems
	3.3 The Use of Teams in Solving Problems
	3.3.1 Ingredients for a Successful Team
	3.3.2 Learning to Work Together
	3.3.3 Diversity

	Reading Questions
	Homework Problems

	CHAPTER 4 DESCRIBING PHYSICAL QUANTITIES
	4.1 Units
	4.1.1 Conversion Factors
	4.1.2 Moles
	4.1.3 Molecular Weight
	4.1.4 Symbols
	4.1.5 Combined and Defined Units
	4.1.6 Force
	4.1.7 Pressure

	4.2 Some Important Process Variables
	4.2.1 Density
	4.2.2 Flow Rate
	4.2.3 Mixture Composition
	4.2.4 Conversion between Mole Fraction and Mass Fraction
	4.2.5 Dimensional Consistency

	Reading Questions
	Homework Problems

	CHAPTER 5 MATERIAL BALANCES
	5.1 Conservation of Total Mass
	5.2 Material Balances for Multiple Species
	5.2.1 Material Balances with Formation or Consumption Where Chemical Reaction Stoichiometry Is Not Given
	5.2.2 Material Balances with No Formation/Consumption
	5.2.3 Material Balances with Formation/Consumption Where Chemical Reaction Stoichiometry Is Given
	5.2.4 Guidelines for Species Balances

	5.3 Material Balances: Summary
	5.3.1 The Acid-Neutralization Problem

	Reading Questions
	Homework Problems

	CHAPTER 6 SPREADSHEETS
	6.1 The Calculation Scheme
	6.2 Setting Up a Spreadsheet
	6.2.1 Setting up the Spreadsheet for the Acid-Neutralization Problem

	6.3 Graphing
	Reading Questions
	Homework Problems

	CHAPTER 7 FLUID FLOW
	7.1 What is a Fluid?
	7.2 The Concept of Pressure
	7.3 Non-flowing Fluids
	7.4 Principles of Fluid Flow
	7.4.1 Special Case: No Friction or Shaft Work
	7.4.2 Generalized Solution Procedure
	7.4.3 The Effects of Fluid Friction
	7.4.4 Pumps Are Used to Provide a Consistent Flow

	7.5 Pumps and Turbines
	7.5.1 Pumps
	7.5.2 Turbines

	Reading Questions
	Homework Problems

	CHAPTER 8 MASS TRANSFER
	8.1 Molecular Diffusion
	8.2 Mass Convection
	8.3 Mass Convection with Transfer Across Phase Boundaries
	8.4 Multi-step Mass Transfer
	8.4.1 Membrane Separation
	8.4.2 Liquid-Liquid Extraction
	8.4.3 Gas-Liquid Absorption

	Reading Questions
	Homework Problems

	CHAPTER 9 REACTION ENGINEERING
	9.1 Describing Reaction Rates
	9.2 Designing the Reactor
	Reading Questions
	Homework Problems

	CHAPTER 10 HEAT TRANSFER
	10.1 Energy Balances for Steady-State Open Systems
	10.1.1 Energy (E)
	10.1.2 Rate of Heat Transfer (Q)
	10.1.2 Rate of Work (W)

	10.2 Applications of the Steady-State Energy Balance
	10.2.1 Scenario #1: Sensible Heating or Cooling
	10.2.2 Scenario #2: Phase Changes
	10.2.3 Scenario #3: Chemical Reactions
	10.2.4 Application to the Acid-Neutralization Problem
	10.2.5 Summarizing the Procedure for Using the Energy Balance

	10.3 Heat-Exchange Devices
	10.3.1 Applying the Energy Balance Equations to Heat Exchangers
	10.3.2 Determining the Size (Heat-Transfer Area) of the Exchanger
	10.3.3 Heat Exchanger for the Acid-Neutralization Problem

	Reading Questions
	Homework Problems

	CHAPTER 11 MATERIALS
	11.1 Metals and Corrosion
	11.2 Ceramics
	11.3 Polymers
	11.4 Composites
	11.5 Strength of Materials
	Reading Questions
	Homework Problems

	CHAPTER 12 CONTROLLING THE PROCESS
	12.1 The Need for Process Control
	12.2 Feedback Control
	12.3 Feedforward Control
	12.4 Comparison of Strategies
	Reading Questions
	Homework Problems

	CHAPTER 13 ECONOMICS
	13.1 Costs
	13.2 Profitability
	13.3 Economics of the Acid-Neutralization Problem
	13.4 Reporting the Results
	Reading Questions
	Homework Problems

	CHAPTER 14 CASE STUDIES
	14.1 Using Engineering Teams for These Case Studies
	14.2 Case Study 1: Manufacture of Aspirin
	14.3 Case Study 2: Manufacture of Xylenes

	INDEX

