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Chemical Engineering Fundamentals and Design

Lecture 02

Review on Solving Engineering Problems

(Acid-Neutralization)
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Strategies for solving problems

Steps to solving problems

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.



3

Chemical Engineering Fundamentals and Design

 Code of ethics (http://www.aiche.org/about/code-ethics)

 Safety

 Protecting the environment

 Avoiding harassment

 Ethical practice

Strategies for solving problems

Ethical considerations in solving problems
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Memo from supervisor (Chapter 01 in Introduction to Chemical Engineering):

ABC Chemical Company

Memorandum

From: Barbara Magelby, Supervisor, Chemical Process Group

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.

Strategies for solving problems
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Strategies for solving problems

1. Define the problem:

a. Many problems have taken longer than necessary to solve because they were not

defined correctly.

b. 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.

c. From our company records,

average acid stream flow rate: 11,600 L/hr

average HCl concentration in the waste stream: 0.014 M
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Strategies for solving problems

2. List possible solutions

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.
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Strategies for solving problems

3. Evaluate and rank the possible solutions:

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

: Alternative processes are usually not known or are extremely expansive.

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

: Transportation costs and profit for the independent company would be added.

: It would seem that we can do it more cheaply.

: No such company is presented in this analysis.
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Strategies for solving problems

3. Evaluate and rank the possible solutions:

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

: The required volume of such tanks would be

: The volume occupied by each tank (10 m in diameter and 5 m in height) would be

: The 2587 tanks would be needed (a cost for building and maintaining).

: Not a sustainable solution and not suitable from an environmental perspective

924 365
11600 / 10 1.0 10

1 1

hr days
L hr yrs L

day yr
    

   
22 3 310 5 393 393 10

4 4
Volume D H m m m L

 
    
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Strategies for solving problems

3. Evaluate and rank the possible solutions:

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

: Need to construct the ponds making sure that no acid leaked into the ground water.

: Land would have to be available.

: Consider the average evaporation rate (> 11600 L/hr).

: Ensure that the amount of acid in evaporating water is smaller than limits.

: Dispose of the concentrated acid left as a result of the evaporation process
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Strategies for solving problems

3. Evaluate and rank the possible solutions:

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

: Environmental responsibility

: Violation against the environmental protection laws

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

: Neutralizing the acid in the stream with a basic solution

: Cooling the treated stream before final discharging to the lake
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Strategies for solving problems

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

Let’s suppose that…

1) a preliminary analysis suggests that option (f) is the best option.

2) you have selected the strategy of neutralizing the acid by addition of sodium hydroxide to

the waste stream.

HCl + NaOH → H2O + NaCl

If the upper limit for dissolved solids in water is 1200 mg/L (= 1.2 g/L),

1.2 /
0.02 / 0.014 /

58.5 /

g L
gmol L gmol L

g gmol
  (The final concentration cannot exceed.)

Obviously, there is much more detail needed for the design of the acid-neutralization process.
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Strategies for solving problems

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

Process flow diagram (PFD) for acid neutralization concept
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5. Re-evaluate the plane to check desirability (Chapter 05. Material Balance)

HCl + NaOH → H2O + NaCl

   , ,HClHCl consumptioHCl Hsolution in
inp

Cl solution out n

o

HCl

utu p

formati

ut
strea

o

m
t

streams s

n HClc V cr rV  

Steady-State Mole Balance for HCl

System

0.014

11600 /

HCl

HCl solution

c M

V L hr





?

?

NaOH

NaOH solution

c

V





0HCl NaOHc c M  ,

,

1
1

1

consumption HCl

consumption NaOH

r
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 
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0 0
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NaOH solution
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c V
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c
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Strategies for solving problems
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Changeable

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 06. Spreadsheets)
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Chart of total cost versus NaOH concentration

25 mM NaOH

If we cannot purchase the 25 mM NaOH…

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 06. Spreadsheets)
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Kinetic energy per mass

: translational motion

2 2

2 1

1 1

2 2
avg avg s f

P P
v gz v gz w w 

 

   
         

   
(7.8a)(units: energy per mass of fluid)

Potential energy per mass

: elevation

Energy associated with pressure

: storing mechanical energy

Work

: shaft work

Friction

: frictional effects

*The correction factor (α) is 2.0 for fully developed laminar pipe flow, and it ranges between 1.04 and 1.11 for fully

developed turbulent flow in a circular pipe.

   2 22 1
2 2, 1 1, 2 1

1

2
avg avg s f

P P
v v g z z w w 




      (7.8b)Other form:

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 07. Fluid Flow)
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 Process flow diagram for the acid neutralization process, including pumps

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 07. Fluid Flow)
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 The thermal motion of all (liquid or gas) particles at temperature above absolute zero.

 A function of temperature, viscosity of the fluid and the size (mass) of the particles.

Molecular diffusion of A through B New location of A

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 08. Mass Transfer)
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 The movement of groups of molecules within fluids such as liquids or gases.

 Convection takes place through advection, diffusion or both.

New location of AMass convection of A and B

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 08. Mass Transfer)
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 Irreversible reaction

 Continuously stirred tank reactor (CSTR)

, ,consumption A reaction Ar r V

, , ,

n m n m

reaction A r A B r A out B outr k c c k c c 

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 09. Reaction Engineering)
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Given information

0.014 / 11,600 /

0.0254 / 6,500 /

in in

in in

HCl HCl

NaOH NaOH

c gmol L V L hr

c gmol L V L hr

 

 

Reaction

2HCl NaOH H O NaCl  

 , /reaction HCl r HCl NaOHr k c c in units of moles of HCl or NaOH volume time

Reaction rate constant

Reaction rate constant at 25 °C

11

, 1.4 10 /r HClk L gmol s 

Allowed HCl concentration at final state by law (pH = 6.5)

6.5 710 3.16 10HClc M   

Temperature in real reactor is higher than this.

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 09. Reaction Engineering)
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Working diagram

• Mole balance on HCl:

• Mole balance on NaOH:

• Total mass balance (with constant ρ):

• Additional relationships

Stoichiometry:

Molar flow rate balance:

,in in out outHCl HCl HCl HCl consumption HClc V c V r 

,in in out outNaOH NaOH NaOH NaOH consumption NaOHc V c V r 

in inHCl NaOH outV V V 

,

,

1
1

1

consumption HCl

consumption NaOH

r

r
 

in in in inNaOH NaOH HCl HClc V c V

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 09. Reaction Engineering)
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Process flow diagram (PFD)

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 09. Reaction Engineering)



24

Chemical Engineering Fundamentals and Design

Allowed HCl concentration 

at final state by law (pH = 6.5)

6.5 710 3.16 10
outHClc M   

73.16 10
out outNaOH HClc c M  

3.22V L

11,600 /
inHClV L hr

6,496 /
inNaOHV L hr

0.014 /
inHClc gmol L

60
inHClT C

18,096 /outV L hr

0.0254 /
inNaOHc gmol L

32
inNaOHT C

Allowed temperature of disposal

At final state by law (T ≤ 27°C)

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 10. Heat Transfer)
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Assumptions

1. Neglecting the heat effects from the reaction

2. Ignoring heat transfer by walls of pipes and mixer

3. Negligible kinetic and potential energies

4. No significant shaft work

5. ρwater = ρHCl = ρNaOH, CP,water = CP,HCl = CP,NaOH

             0P ref P ref P ref P ref P ref
f HCl NaOH

output input
streams streams

mC T T mC T T V C T T V C T T V C T T            

2 21 1ˆ ˆ
2 2

s

output inputout in
streams streams

m H v gz m H v gz Q W 
   

         
   

 

0 0 0 0 00

 ˆ
P refH C T T  m V 

i i i i

i i

HCl HCl NaOH NaOH

f

HCl NaOH

V T V T
T

V V






, , ,,water HCl NaOH P water P HCl P NaOHC C C     

i if HCl NaOHV V V 

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 10. Heat Transfer)
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0.014 /
inHClc gmol L

0.0254 /
inNaOHc gmol L

60
inHClT C

32
inNaOHT C

Allowed HCl concentration 

at final state by law (pH = 6.5)

6.5 710 3.16 10
outHClc M   

73.16 10
out outNaOH HClc c M  

3.22V L

11,600 /
inHClV L hr

6,496 /
inNaOHV L hr

18,096 /outV L hr

Allowed temperature of disposal

At final state by law (T ≤ 27°C)
     11600 / 60 6496 / 32

49.9
11600 / 6496 /

i i i i

i i

HCl HCl NaOH NaOH

f

HCl NaOH

L hr C L hr CV T V T
T C

V V L hr L hr


  

 

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 10. Heat Transfer)
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 : P out in dutyhot
Sensible cooling mC T T Q    

ˆ: phase change duty
hot

Phase change m H Q   
 

, ,: consumption A reaction A duty
hot

Chemical reaction r H Q    

 : P out in dutycold
Sensible heating mC T T Q   

ˆ: phase change duty
cold

Phase change m H Q  
 

, ,: consumption A reaction A duty
cold

Chemical reaction r H Q   

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 10. Heat Transfer)

 Heat exchanger
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 Process flow diagram (PFD) for the acid-neutralization process with heat exchanger

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 10. Heat Transfer)
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 Metal: a material that is typically hard, opaque, shiny and has good electrical and thermal

conductivity

Metallic bonding

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 11. Materials)
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 Ceramic: an inorganic, nonmetallic solid material comprising metal, nonmetal or metalloid atoms

primarily held in ionic and covalent bonds

 Examples: alumina (Al2O3), silica (SiO2) and diamond (C)

pseudo-ceramic

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 11. Materials)
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 Polymer: a large molecule, or macromolecule composed of many repeated subunits

Polyethylene (PE)

High pressure process

Low pressure process

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 11. Materials)
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 Summary

• Metals are very strong and easy to work with but are subject to corrosion.

• Ceramics can withstand high temperature and highly reactive environments but are brittle.

• Polymers are very easy to customize, are tough and flexible and are not subject to corrosion but are not strong and

cannot withstand high temperature or highly reactive environment.

 Composite: materials comprised of polymers and either metals or ceramics

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 11. Materials)
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 The acid-neutralization process

with feedback control loops including a level controller (LC), temperature controller

(TC) and concentration controller (CC)

with a feedforward controller (FF)

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 12. Controlling the Process)
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 Engineering costs

Capital costs Operating costs

 The initial costs 

 Purchasing or building

 Reactors, heat exchangers, 

computers, control valves, 

piping and etc.

 Day-to-day costs 

 Operating equipment and 

running the process

 Raw materials, pumping, 

heating, cooling, labor, 

maintenance

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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 Equipment list

• HCl tank

• NaOH tank

• HCl pump

• NaOH pump

• Cooling water pump

• Heat exchanger

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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 Purchase price of equipments

• Volume of HCl and NaOH tanks (capable for 7 days)

11,600 0.26417 24 7
: 514,814

6,500 0.26417 24 7
: 288,474

L gal hr days
HCl tank gal

hr L day week

L gal hr days
NaOH tank gal

hr L day week

    
    

    

    
    

    

• Estimated purchase prices of HCl and NaOH tanks

   

   

0.6

0.6

1469
: $ 47.0 514,814 $258,600

814

1469
: $ 47.0 288,474 $181,600

814

HCl tank Cost gal

NaOH tank Cost gal

        

        

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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 Purchase price of equipments

• Estimated purchase prices of pumps

• Estimated purchase prices of heat exchanger

   

   

   

0.46

0.46

0.46

1469
: $ 421 51.1 / min $4,600

814

1469
: $ 421 28.6 / min $3,600

814

1469
: $ 421 191.3 / min $8,500

814

HCl pump Cost gal

NaOH pump Cost gal

Cooling water pump Cost gal

        

        

        

   
0.46

21469
: $ 398 818 $56,200

814
Heat exchanger Cost ft

         

Total purchase price of the equipments: $513,100

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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 Capital investment

 

  

  

: $513,100

: 110% $513,100 : $564,400

: 6.0 $564,400 $3,386,000

Purchase price as just calculated

Delivered purchased cost

Capital Investment 

 Gross annual profit

$6,090,000 $4,777,000 $339,000

$974,000

Gross annual profit Sales Operating costs Depreciation  

  



 Net Annual Profit After Taxes (NAPAT)

 

  

1 , :

1 0.33 $974,000

$653,000

NAPAT Gross annual profit fractional tax rate  

 



Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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 Return On Investment (ROI)

$653,000

$3,386,000

19.3%

NAPAT
ROI

Capital Investment






ROI value should be approximately 15% or greater.

Strategies for solving problems

5. Re-evaluate the plane to check desirability (Chapter 13. Economics)
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Strategies for solving problems

5. Re-evaluate the plane to check desirability
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Strategies for solving problems

5. Re-evaluate the plane to check desirability

6. Implement the plan

7. Check the results
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Strategies for solving problems

Introduction to

Chemical Engineering

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.

Chemical Engineering

Fundamentals and Design

1. Necessity of project

2. Motivation and purpose of project

3. Conventional research and technology

4. Problem solving plan and process

5. Concept and detail design

5.1. Goal setting method of design

5.2. Limited factors

5.3. Synthesis

5.4. Analysis

5.5. Evaluation

6. Expected effect

7. Improvement direction
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The use of teams in solving problems

Ingredients for a successful team

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

+ more ingredients for a successful team

1. Atmosphere that encourages contribution

: positive reinforcement, friendship, trust, diplomacy, sensitivity to other’s needs

2. Individual commitment

3. Individual dependability (follow-through)

4. Individual integrity
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The use of teams in solving problems

Learning to work together

Stages of team development

adapted from Scholtes, P.R., The Team Handbook for Educators, Madison, WI: Joiner Associates Inc., 1994.
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The use of teams in solving problems

Diversity

Characteristic responses to a goal or task

adapted from Kolbe, K., The Conative Connection, Menlo Park, CA: Addison-Wesley Publishing Co., 1990.
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The use of teams in solving problems

Diversity

Roles within a team structure


