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Series 1: Commercial Processes, Scale and
Cost Considerations

Part 1 Introduction to Commercial Processes

1.1.1 Definition and scope of commercial processes
1.1.2 Importance of commercial processes in chemical engineering
1.1.3 Examples of commercial chemical processes

Part 2 Problems of Scale in Commercial Processes

1.2.1 Concept of scale-up
1.2.2 Technical challenges in scaling processes
1.2.3 Case studies of scale-related issues

Part 3 Cost Considerations in Commercial Processes

1.3.1 Types of costs in chemical processes (fixed, variable, capital, operating)
1.3.2 Economic evaluation of processes
1.3.3 Balancing cost and efficiency in process design

Part 4 Process Flow Sheets and Their Role in Cost and Scale

1.4.1 Definition of process flow sheets
1.4.2 Representation of unit operations and material balances
1.4.3 Use of flow sheets in cost estimation and scale-up decisions

Introduction

Every industrial process begins with a commercial vision, but turning that vision into reality
requires careful consideration of both scale and cost. A process that works efficiently in the
laboratory may face significant challenges when scaled up to industrial production, and the
associated costs can determine whether the process is commercially viable. Understanding these
1ssues is therefore fundamental to process science, as it equips you with the ability to evaluate
feasibility and sustainability in real-world applications.
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The aim of this Series is to introduce you to the principles of commercial processes, focusing on
the challenges of scaling operations and the economic considerations that influence decision-
making. By the end of this Series, you will be able to explain the problems of scale, analyse cost
factors, and appreciate the role of process flow sheets in balancing efficiency and expenditure.

We shall commence this Series by examining the concept of commercial processes, their scope,
and their importance in chemical engineering. Next, we will move on to the problems of scale,
exploring the technical challenges of scaling up and reviewing case studies of scale-related
issues. Following that, we will consider cost considerations, looking at types of costs, economic
evaluation, and strategies for balancing efficiency with expenditure. Finally, we will wrap up by
studying process flow sheets, understanding how they represent unit operations and material
balances, and how they are used to guide decisions on cost and scale.

Series Learning Outcomes

Upon completing this Series, you should be able to:

define commercial processes and explain their scope within chemical engineering,

describe the importance of commercial processes in industrial applications,

analyse the concept of scale-up and identify technical challenges associated with scaling
processes,

evaluate case studies that illustrate problems of scale in commercial operations,

classify types of costs in chemical processes, including fixed, variable, capital, and operating
costs,

apply basic economic evaluation techniques to assess the feasibility of a process,

explain strategies for balancing cost and efficiency in process design,

define process flow sheets and describe their role in representing unit operations and material
balances, and

demonstrate how process flow sheets are used in cost estimation and scale-up decisions.

1.1 Introduction to Commercial Processes

1.1.1 Definition and scope of commercial processes

A commercial process refers to a chemical or industrial process that has been scaled up from
laboratory or pilot studies to full-scale production for economic benefit. It involves the
transformation of raw materials into products that meet market demand, under conditions that are
technically feasible and financially viable. The scope of commercial processes includes design,
optimisation, scale-up, and economic evaluation, all of which are essential for ensuring that a
process is not only scientifically sound but also profitable.
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Fill in the blank: A commercial process is one that has been scaled up from laboratory studies to
production.
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FROM BENCHTOP TO INDUSTRIAL PRODUCTION

Figure 1.1 Stages of process development from laboratory to commercial scale

1.1.2 Importance of commercial processes in chemical engineering

Commercial processes are central to chemical engineering because they bridge the gap between
scientific discovery and industrial application. They ensure that innovations in chemistry can be
translated into products such as fuels, pharmaceuticals, and materials that society depends on.
Engineers must consider efficiency, safety, environmental impact, and cost when designing these
processes. Without commercial processes, laboratory discoveries would remain theoretical and
fail to benefit industries or consumers.

Fill.in the blank: Commercial processes bridge the gap between scientific discovery and
application.
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Plate 1.1 Industrial chemical plant producing pharmaceuticals

1.1.3 Examples of commercial chemical processes

Examples of commercial chemical processes include petroleum refining, cement production,
fertiliser manufacturing, and pharmaceutical synthesis. Each of these processes requires careful
design to ensure efficiency and cost-effectiveness. For instance, petroleum refining involves
distillation and cracking to produce fuels, while fertiliser manufacturing uses chemical reactions
to produce ammonia and urea. These examples highlight the diversity of commercial processes
and their importance in meeting global needs.

Fill in the blank: Fertilisér manufacturing commonly involves the production of and
urea.

Examples of Commercial Chemical Processes

Commercial chemical processes are large-scale operations that transform raw materials into
valuable products essential for modern life.

Petroleum Refining: Crude oil is separated into useful fractions such as gasoline, diesel,
kerosene, and lubricants through distillation and cracking.

Cement Production: Limestone and clay are heated in kilns to form clinker, which is
ground into cement used in construction.

S | A-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Fertiliser Manufacturing: Ammonia (via the Haber process) and phosphates are converted
into nitrogen, phosphorus, and potassium-based fertilisers to boost agricultural
productivity.

Pharmaceutical Synthesis: Complex organic reactions are employed to produce medicines
such as antibiotics, pain relievers, and vaccines under strict quality control.

Pilot questions 1.1

What is a commercial process and what does it involve?

Why are commercial processes important in chemical engineering?

Give two examples of commercial chemical processes.

What factors must engineers consider when designing commercial processes?
Which fertiliser products are commonly produced in commercial manufacturing?

1.2 Problems of Scale in Commercial Processes

1.2.1 Concept of scale-up

Scale-up refers to the process of taking a chemical or industrial operation from laboratory or
pilot scale to full commercial production. While laboratory experiments are controlled and small
in size, scaling up introduces complexities such as equipment design, energy requirements, and
safety considerations. Engineers must ensure that the process remains efficient and reliable when
production volumes increase significantly.

Fill in the blank: is-the process of moving a chemical operation from laboratory or
pilot scale to full commercial production.
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CHEMICAL PROCESS SCALING: FROM LAB TO INDUSTRY

Visualizing the Journey to Production

1. LABORATORY 2. PILOT PLANT 3. INDUSTRIAL
SCALE SCALE

Discovery & Experimetation Testing & Optimization Full Production & Efficiency |

= Milligram to Grams = Kilogram to Tonnes = Tonnes to Megatontnes

= Batch Reactions = Semi-Continuous/Conthuous | = Continous

= Glassware Setups = Small Reactors, P&ID = Continous Flow

= Mamwal Control = Automated Sensors = Large-Scale Reactors

= Manual Control = Automated Sensors = Advanced DCS Control

= Low Output, High Cost/Gram = Moderate Output, Med Cost/G = High Output, Low Cost/Gram

PROCESS SCALE-UP:
EFFIOENCY &
SUSTASINABILITY

INNOVATION + ENGINEERING —> COMMERCIAL SUCCESS & IMPACT

Figure 1.2 Scale-up stages in chemical processes

1.2.2 Technical challenges in:scaling processes

Scaling up introduces several technical challenges, including differences in heat transfer, fluid
flow, and mixing behaviour. For example, heat transfer efficiency may decrease in larger
equipment due to reduced surface area-to-volume ratios. Similarly, mixing that is uniform in
small vessels may become uneven in large reactors, leading to product inconsistencies. Engineers
must use mathematical models and simulations to predict these changes and design equipment
that compensates for them.

Fill in the blank: Heat transfer efficiency may decrease in larger equipment because of reduced
area-to-volume ratios.
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Plate 1.2 Comparison of laboratory and industrial reactors

1.2.3 Case studies of scale-related issues

Case studies provide practical insight into the problems of scale. For instance, in pharmaceutical
manufacturing, scaling up a crystallisation process often leads to changes in crystal size
distribution, affecting drug quality. In petrochemical industries, scale-up of distillation columns
may result in poor separation efficiency if tray design is not adjusted. These examples highlight
the importance of anticipating scale-related problems and applying corrective measures during
process design.

Fill in the blank: In pharmaceutical manufacturing, scaling up a crystallisation process often
changes the size distribution.

Case studies of scale-related issues
Pharmaceutical crystallisation: changes in crystal size distribution.

Petrochemical distillation: poor separation efficiency due to tray design.
Food processing: uneven mixing in large vessels.
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Pilot questions 1.2

What is scale-up in chemical engineering?

Why does heat transfer efficiency decrease in larger equipment?

Give one example of a technical challenge encountered during scale-up.
What problem may occur in pharmaceutical crystallisation when scaled up?
How can engineers anticipate and correct scale-related issues?

1.3 Cost Considerations in Commercial Processes

1.3.1 Types of costs in chemical processes

In chemical engineering, costs refer to the financial resources required to design, operate, and
maintain a process. These are generally classified into fixed costs (expenses that remain constant
regardless of production volume, such as equipment purchase), variable costs (expenses that
change with production, such as raw materials and utilities), eapital costs (long-term
investments in plant and infrastructure), and operating costs (day-to-day expenses such as
labour, maintenance, and energy). Recognising these categories helps engineers and managers
make informed decisions about process feasibility.

Fill in the blank: costs are expenses that remain constant regardless of production
volume, such as equipment purchase.

Examples of costs in chemical processes

Fixed costs: equipment purchase, insurance.
Variable costs: raw materials, utilities.

Capital costs: plant construction, infrastructure.
Operating costs: labour, maintenance, energy.

1.3.2 Economic evaluation of processes

Economic evaluation is the systematic analysis of costs and benefits to determine whether a
process is financially viable. Engineers use tools such as cost—benefit analysis, payback period,
and net present value to assess profitability. A process may be technically feasible but
economically unviable if costs outweigh expected returns. Therefore, economic evaluation is a
critical step before scaling up or investing in a new process.

Fill in the blank: A process may be technically feasible but economically if costs
outweigh expected returns.
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ECONOMIC EVALUATION:
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Figure 1.3 Steps in economic evaluation of processes

1.3.3 Balancing cost and efficiency in process design

Balancing cost and efficieney 1s one of the most important challenges in process design.
Efficiency refers to how well a process converts inputs into desired outputs with minimal waste.
A highly efficient process may require expensive equipment, while a cheaper design may
compromise efficiency. Engineers must therefore find an optimal balance that ensures
profitability without sacrificing product quality or safety.

Fill in the blank: Engineers must balance cost and to ensure profitability without
compromising product quality.

Strategies for balancing cost and efficiency

Use energy-efficient equipment to reduce operating costs.

Optimise raw material usage to minimise waste.

Apply process simulation tools to predict performance before investment.
Consider modular plant design for flexibility and reduced capital costs.

Pilot questions 1.3

FW

S | A-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



What are fixed costs in chemical processes?

Give two examples of variable costs.

What is economic evaluation and why is it important?

Which tools are commonly used in economic evaluation of processes?
Why must engineers balance cost and efficiency in process design?

1.4 Process Flow Sheets and Their Role in Cost and Scale

1.4.1 Definition of process flow sheets

A process flow sheet is a diagrammatic representation of the sequence of operations.in a
chemical process. It shows how raw materials are transformed into products through various unit
operations and equipment. Flow sheets are essential because they provide a clear overview of the
process, making it easier to identify inputs, outputs, and intermediate steps. They serve as a
communication tool between engineers, managers, and stakeholders, ensuring that everyone
understands the process design.

Fill in the blank: A process flow sheet is a representation of the sequence of
operations in a chemical process.

SIMPLE PROCESS FLOW SHEET

VISUALIZING MATERIAL TRANSFORMATION

2. UNIT OPERATIONS
1. RAW MATERIAL 3. PRODUCT OUTPUT
INPUT
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= Solvents - Waste Streams
S
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& EFFICIENCY

ENGINEERING DESIGN + OPTIMIZATION ==p EFFICIENT & SUSTAINABLE PRODUCTION

Figure 1.4 Basic process flow sheet representation

1.4.2 Representation of unit operations and material balances
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Unit operations are the fundamental steps in chemical engineering, such as distillation,
filtration, and heat exchange. In a flow sheet, each unit operation is represented by a symbol, and
arrows indicate the flow of materials between them. Material balance refers to the accounting
of all inputs and outputs in the process to ensure conservation of mass. Engineers use flow sheets
to visualise these balances and confirm that no material is lost or unaccounted for.

Fill in the blank: In a process flow sheet, arrows are used to indicate the of materials
between unit operations.

PROCESS FLOW DIAGRAM: PHARMACETICAL SYNTESIS UNIT
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Plate 1.3 Detailed process flow sheet with unit operations

1.4.3 Use of flow sheets in cost estimation and scale-up decisions

Elow sheets are not only technical diagrams but also economic tools. They help engineers
estimate costs by identifying equipment requirements, energy consumption, and raw material
usage. During scale-up, flow sheets guide decisions by showing how laboratory or pilot
processes can be expanded to industrial levels. They highlight potential bottlenecks,
inefficiencies, and areas where costs may rise. By integrating technical and economic
information, flow sheets become vital in balancing cost and scale considerations.
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Fill in the blank: Flow sheets help engineers estimate costs by identifying equipment
requirements, energy consumption, and usage.

Applications of process flow sheets

Visualising unit operations and material balances.

Communicating process design to stakeholders.

Estimating costs of equipment, energy, and raw materials.

Guiding scale-up decisions from laboratory to industrial production.

Pilot questions 1.4

What is a process flow sheet and why is it important?

How are unit operations represented in a flow sheet?

What does material balance ensure in a process flow sheet?
How do flow sheets assist in cost estimation?

Why are flow sheets important in scale-up decisions?

Series Summary

This Series has introduced you to the foundations of commercial processes, highlighting their
importance in chemical engineering and their relevance to industrial practice. The purpose was to
help you appreciate how laboratory discoveries are transformed into large-scale operations, while
also recognising the challenges of scale and the economic realities that determine feasibility.

We began by defining commercial processes and exploring their scope and significance. Then
we examined the problems of scale, focusing on technical challenges and case studies that
illustrate real-world issues. Following that, we considered cost considerations, looking at types
of costs, methods of economic evaluation, and strategies for balancing efficiency with
expenditure. Finally, we studied process flow sheets, understanding how they represent unit
operations and material balances, and how they guide cost estimation and scale-up decisions. In
line with the Series Learning Outcomes, you should now be able to define and describe
commercial processes, analyse scale-up challenges, evaluate cost factors, and demonstrate the
role of flow sheets in decision-making.

Concept Check Questions [Series 1]

Objective Questions

Define a commercial process. (Linked to SLO 1.1)
State one reason why commercial processes are important in chemical engineering. (Linked to SLO
1.2)
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Identify the term used to describe moving a process from laboratory scale to industrial production.
(Linked to SLO 1.3)

Name two types of costs in chemical processes. (Linked to SLO 1.5)

What diagrammatic tool is used to represent unit operations and material balances? (Linked to SLO
1.8)

Short-Answer Questions

Explain one technical challenge that arises during scale-up of chemical processes. (Linked to SLO 1.3)
Describe how material balance is represented in a process flow sheet. (Linked to SLO 1.8)

Give one example of a case study where scale-up led to problems in product quality. (Linked to SLO 1.4)
Demonstrate how economic evaluation helps in deciding whether a process should be scaled up. (Linked
toSLO 1.6)

Explain one strategy engineers use to balance cost and efficiency in process design. (Linked to SLO 1.7)

Long-Answer Questions

Analyse the importance of commercial processes in bridging the gap between laboratory discoveries and
industrial applications. (Linked to SLO 1.2)

Evaluate the problems of scale in chemical processes, using examples to illustrate their impact. (Linked
to SLO 1.3,5L0 1.4)

Assess the role of process flow sheets in cost estimation and scale-up decisions. (Linked to SLO 1.9)

Answers to Concept Check Questions [Series 1]

Objective Questions

A commercial process is a. chemical or industrial process scaled up for economic benefit.
They are important because they translate laboratory discoveries into industrial applications.
Scale-up.

Fixed costs and variable costs.

Process flow sheet.

Short-Answer Questions

Heat transfer efficiency decreases in larger equipment due to reduced surface area-to-volume ratios.
Material balance is shown by arrows indicating the flow of materials between unit operations.

In pharmaceutical crystallisation, scaling up often changes crystal size distribution, affecting drug
quality.

Economic evaluation compares costs and benefits to determine if scaling up is financially viable.
Engineers may use energy-efficient equipment to reduce operating costs while maintaining efficiency.
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Long-Answer Questions

Basic response: Commercial processes are important because they ensure laboratory discoveries
can be applied in industry, producing fuels, pharmaceuticals, and materials.

Value-added response: Beyond this, commercial processes also address safety, environmental
impact, and sustainability, ensuring that innovations benefit society while meeting regulatory
standards.

Basic response: Problems of scale include reduced heat transfer efficiency and uneven mixing in
large reactors.

Value-added response: Case studies show that pharmaceutical crystallisation changes crystal
size distribution, while petrochemical distillation columns may lose separation efficiency. These
examples highlight the need for predictive modelling and careful equipment design.

Basic response: Process flow sheets represent unit operations and material balances, guiding
cost estimation and scale-up decisions.

Value-added response: They also serve as communication tools between engineers and
stakeholders, integrate technical and economic data, and highlight bottlenecks or inefficiencies
that may arise during industrial expansion.

Answers to Pilot Questions [Series 1]

Answers to Pilot Questions 1

A commercial process is a chemical or industrial process scaled up from laboratory or pilot studies to
full-scale production for economic benefit.

They are important because they bridge the gap between scientific discovery and industrial
application.

Examples include petroleum refining, cement production, fertiliser manufacturing, and
pharmaceutical synthesis.

Engineers must consider efficiency, safety, environmental impact, and cost when designing
commercial processes.

Fertiliser manufacturing commonly involves the production of ammonia and urea.

Answers to Pilot Questions 2
Scale-up is the process of moving a chemical operation from laboratory or pilot scale to full
commercial production.

Heat transfer efficiency decreases in larger equipment because of reduced surface area-to-volume
ratios.
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One example of a technical challenge is uneven mixing in large reactors.

In pharmaceutical crystallisation, scaling up often changes crystal size distribution, affecting drug
quality.

Engineers can anticipate and correct scale-related issues by using predictive models, simulations,
and careful equipment design.

Answers to Pilot Questions 3

Fixed costs are expenses that remain constant regardless of production volume, such as equipment
purchase.

Examples of variable costs include raw materials and utilities.
Economic evaluation is the systematic analysis of costs and benefits to determine financial viability.
Tools commonly used include cost—benefit analysis, payback period, and net presentvalue.

Engineers must balance cost and efficiency to ensure profitability without compromising product
quality or safety.

Answers to Pilot Questions 4

A process flow sheet is a diagrammatic representation of the sequence of operations in a chemical
process.

Unit operations are represented by/’symbols, and arrows show the flow of materials between them.
Material balance ensures conservation of mass by accounting for all inputs and outputs in the
process.

Flow sheets assist in cost estimation by identifying equipment requirements, energy consumption,
and raw material usage.

They are important inscale-up decisions because they highlight potential bottlenecks and guide
expansion from laboratory to.industrial levels.

-
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Series 2: Process Flow Sheets and
Stoichiometry

Part 1 Introduction to Process Flow Sheets

2.1.1 Definition and purpose of process flow sheets
2.1.2 Types of flow sheets (block flow, process flow, piping and instrumentation diagrams)
2.1.3 Importance of flow sheets in chemical engineering

Part 2 Representation of Unit Operations and Material Balances

2.2.1 Symbols and conventions used in flow sheets
2.2.2 Material balance principles in process representation
2.2.3 Conservation of mass in flow sheet design

Part 3 Fundamentals of Stoichiometry in Chemical Processes

2.3.1 Definition of stoichiometry and its role in process science
2.3.2 Stoichiometric coefficients and chemical equations
2.3.3 Application of stoichiometry to process design

Part 4 Applications of Flow Sheets and Stoichiometry in Process Design

2.4.1 Linking flow sheets with stoichiometric calculations
2.4.2 Case examples of process design using stoichiometry
2.4.3 Role in cost estimation and optimisation

Introduction

In the last Series, we explored commercial processes, focusing on the challenges of scale and the
importance of cost considerations. Building on that foundation, this Series turns to the tools and
principles that allow engineers to represent processes clearly and calculate material requirements
accurately. Process flow sheets and stoichiometry are central to process science because they
provide both a visual and quantitative framework for understanding how raw materials are
transformed into products.

The aim of this Series is to equip you with the ability to interpret and construct process flow
sheets, while also applying stoichiometric principles to chemical processes. By the end of the
Series, you will be able to link diagrammatic representations with quantitative calculations,
ensuring that processes are both technically sound and economically feasible.
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We shall commence this Series by introducing process flow sheets, their definition, types, and
importance in chemical engineering. Next, we will move on to the representation of unit
operations and material balances, examining the conventions and principles that underpin them.
Following that, we will study the fundamentals of stoichiometry, including coefficients, chemical
equations, and their role in process design. Finally, we will wrap up by exploring applications
that integrate flow sheets with stoichiometric calculations, using case examples to show how
these tools guide cost estimation and optimisation in real-world process design.

Series Learning Outcomes

Upon completing this Series, you should be able to:

define process flow sheets and explain their purpose in chemical engineering,

distinguish between different types of flow sheets, including block flow, process flow, and
piping and instrumentation diagrams,

identify and use standard symbols and conventions in representing unit operations within
flow sheets,

apply material balance principles to process flow sheet representation,

demonstrate how conservation of mass is maintained in flow sheet design,

define stoichiometry and explain its role in chemical process design,

interpret stoichiometric coefficients in chemical equations,

apply stoichiometric calculations'to determine material requirements in chemical processes,

analyse how flow sheets and stoichiometry are integrated in process design, and

evaluate case examples to show how flow sheets and stoichiometric principles guide cost
estimation and optimisation.

2.1 Introduction to Process Flow Sheets

2.1.1 Definition and purpose of process flow sheets

A process flow sheet is a diagrammatic representation of the sequence of operations in a
chemical process. It shows how raw materials are transformed into products through various unit
operations and equipment. The purpose of a flow sheet is to provide a clear overview of the
process, making it easier to identify inputs, outputs, and intermediate steps. Flow sheets also
serve as a communication tool between engineers, managers, and stakeholders, ensuring that
everyone understands the process design.

Fill in'the blank: A process flow sheet is a representation of the sequence of
operations in a chemical process.

R
o) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



SIMPLE PROCESS FLOW SHEET
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VISUALIZING A MANUFACTURING PROCESS STAGE

Figure 2.1 Basic process flow sheet representation

2.1.2 Types of flow sheets

There are several types of flow sheets used in chemical engineering. A block flow diagram
(BFD) is a simplified representation that shows major process steps as blocks connected by lines.
A process flow diagram (PFD) provides more detail, including equipment, streams, and
operating conditions. A piping and instrumentation diagram (P&ID) is the most detailed,
showing all piping, valves, instruments, and control systems. Each type serves a different
purpose, ranging from conceptual design to detailed engineering and plant operation.

Fill in the blank: A flow diagram is the most detailed type of flow sheet, showing
piping, valves, and instruments.
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CHEMICAL PROCESS DIAGRAMS: A COMPARISON
Visuallizing Complexity from Conceptual to Detailel Design
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Plate 2.1 Comparison of block flow, process flow, and piping and instrumentation diagrams

2.1.3 Importance of flow sheets in chemical engineering

Flow sheets are important because they provide both technical and economic insight into a
process. Technically, they help engineers visualise unit operations, material flows, and energy
requirements. Economically, they assist in estimating costs by identifying equipment needs and
resource consumption. Flow sheets also play a role in safety analysis, as they highlight potential
hazards and control points. In practice, they are indispensable tools for process design,
optimisation, and communication.

Fill in the blank: Flow sheets are important because they provide both and
economic insight into a process.

Importance of flow sheets in chemical engineering

Visualise unit operations and material flows.
Estimate costs and resource consumption.
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Identify hazards and control points.
Communicate process design to stakeholders.

Pilot questions 1

What is a process flow sheet?

Name the three main types of flow sheets used in chemical engineering.

Which type of flow sheet provides the most detailed information about piping and instruments?
Why are flow sheets important in both technical and economic analysis?

Give one example of how flow sheets contribute to safety in chemical processes.

2.2 Representation of Unit Operations and Material Balances

2.2.1 Symbols and conventions used in flow sheets

In chemical engineering, symbols are standardised graphical representations of equipment and
operations used in process flow sheets: They allow engineers to communicate complex processes
in a clear and consistent way. For example, a rectangle may represent a heat exchanger, while a
circle may represent a pump. Conventions refer to the agreed rules for drawing and connecting
these symbols, such as using arrows to indicate the direction of material flow. By following these
conventions, flow sheets remain universally understandable across industries and disciplines.

Fill in the blank: Arrows in a process flow sheet are used to indicate the of material
flow.
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PROCESS FLOW DIAGRAM SYMBOLS

Visualizing Chemical Engineering Equipment

1. FLUID MOVERS

Comprossor Furnace

Figure 2.2 Common symbols and conventions in process flow sheets

2.2.2 Material balance principles in process representation

A material balance is the accounting of all inputs, outputs, and accumulations of material in a
process. It ensures that the law of conservation of mass is applied, meaning that matter cannot be
created or destroyed in a chemical process. In flow sheets, material balances are represented by
stream labels showing flow rates, compositions, and sometimes energy values. Engineers use
these balances to check the accuracy of process design and to optimise resource usage.

Fill in the blank: A material balance ensures that the law of of mass is applied in
chemical processes.
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QUANTATIVE PROCESS FLOW SHEET

FEED 2: 200 REACTOR EFFLLENT: 1180 kg/h,

FEED 1: 1000 kg/h, 99% Catalyst C 70% Product, 70% Product P, FINAL PRODUCT:
90% Component A, 20% Component A, AB, 10% >99.5% Product P
10% Componen B I <1% Catalyst C
RAW RAW ORI UNIT OPERATION 2 UNIT OPERATION 3 PRODUCT
MATERIAL MATERIAL OPERATION 1 > 2z > = : B
INPUT INPUT (Reaction) (Separation) (Purification) OUTPUT
FEED 1: 1000 kg/h, l l | FINAL PRODUCT:
90% Component A, e—] WASTE STREAM WASTE STREAM ~99.5% Product P
10% Compont A, <0% Catalyst C
WASTE 1: 150 kg/h, IMPURE PRODUCT:
80% Component A, Product P 15% Impurities

20% lmptiert BB

ENGINEERING VISUALIZATION WITH MASS BALANCE DATA

Plate 2.2 Process flow sheet with material balance representation

2.2.3 Conservation of mass in flow sheet design

The principle of conservation of mass states that the total mass entering a system must equal the
total mass leaving the system, plus any accumulation within the system. In flow sheet design,
this principle is-applied to ensure that all material streams are accounted for. For example, in a
distillation column, the mass of feed entering must equal the combined mass of the distillate and
residue streams. This principle is critical for both technical accuracy and economic evaluation, as
unaccounted losses canlead to inefficiencies and increased costs.

Fill'in the blank: In a distillation column, the mass of feed entering must equal the combined
mass of and residue streams.

Key points on conservation of mass in flow sheets

Total mass in = total mass out + accumulation.

Applied to all unit operations such as reactors, distillation columns, and heat exchangers.
Ensures accuracy in process design and cost estimation.

Prevents unaccounted material losses and inefficiencies.

-
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Pilot questions 2

What are symbols in process flow sheets used for?

Which convention is used to show the direction of material flow?

What does a material balance ensure in chemical processes?

How are material balances represented in flow sheets?

State the principle of conservation of mass in relation to flow sheet design.

2.3 Fundamentals of Stoichiometry in Chemical Processes

2.3.1 Definition of stoichiometry and its role in process science

Stoichiometry is the quantitative relationship between reactants and products in a chemical
reaction, based on the principle of conservation of mass. It allows engineers to calculate the
exact amounts of materials required for a process, ensuring efficiency and minimising waste. In
process science, stoichiometry is essential for designing chemical processes, predicting yields,
and scaling laboratory reactions to industrial production.

Fill in the blank: Stoichiometry is the relationship between reactants and products in
a chemical reaction.

STOICHIOTORTY:
THE BAL NCED CHEMICAL EQUATION
Quantifiying Reactants & Products

e - -
e - P —— ~

> ) ® @

2H, o, 2H, + 2H,O

Interptation:

e 2 molecules of Hydroen + 1 molicule =& 2 molicules of Water
e 2 moles of H, + 1 mole of O, — 2 moles of HH,O

e Mass: 2(2g)+32g —>2(18g) —>36g=36g¢g

The law of conservation of mass in action: Atoms are rearinged, not created or distroved

Figure 2.3 Balanced chemical equation illustrating stoichiometry

2.3.2 Stoichiometric coefficients and chemical equations
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A stoichiometric coefficient is the number placed before a chemical species in a balanced
equation to indicate the proportion in which substances react or are produced. For example, in
the equation 2H: + O — 2H-0, the coefficient ‘2’ shows that two molecules of hydrogen react
with one molecule of oxygen to produce two molecules of water. These coefficients are critical
for calculating material requirements and predicting product yields in chemical processes.

Fill in the blank: In the equation 2H> + O> — 2H-0, the coefficient ‘2’ before H: indicates
molecules of hydrogen are required.

FORMATION OF WATER:
A BALANCED EQUATION

Q_Q + :i: CHEMICAL REACTION
.
>

2 H,; O, 2 H,O

2H, + 0O, — 2 H,0O

Plate 2.3 Molecular representation of stoichiometric coefficients in a chemical reaction

2.3.3 Application of stoichiometry to process design

Stoichiometry is applied in process design to determine raw material requirements, energy needs,
and expected product yields. Engineers use stoichiometric calculations to ensure that processes
are economically viable and technically feasible. For example, in ammonia production,
stoichiometry helps calculate the exact proportions of nitrogen and hydrogen required. This
ensures that resources are used efficiently and that the process can be scaled up without
unexpected losses.

Fill in the blank: In ammonia production, stoichiometry helps calculate the exact proportions of
and hydrogen required.
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Applications of stoichiometry in process design

Determining raw material requirements.
Predicting product yields.

Calculating energy needs.

Ensuring efficiency in large-scale production.

Pilot questions 3

What is stoichiometry and why is it important in process science?

What does a stoichiometric coefficient represent in a chemical equation?

In the equation 2H, + O, = 2H,0, how many molecules of hydrogen are required?

Give one example of how stoichiometry is applied in process design.

Why is stoichiometry essential for scaling laboratory reactions to industrial production?

2.4 Applications of Flow Sheets and Stoichiometry in Process Design

2.4.1 Linking flow sheets with stoichiometric calculations

Flow sheets and stoichiometry are closely econnected in process design. A flow sheet provides
the visual representation of unit operations and material flows, while stoichiometry supplies the
quantitative relationships between reactants and products. By combining these two tools,
engineers can determine the exact material requirements for each step in the process and ensure
that the design is both technically accurate and resource-efficient.

Fill in the blank: A flow sheet provides the visual representation of unit operations, while
supplies the quantitative relationships.
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STOICHTIMERTIC PROCESS FLOW SHEET

1A+ 1B =1C

A+B—>C
2A +1C=1C 1P (Product)
RAW MATERIAL —,| 1. REACTOR 5| 2. SEPARATOR »>| 3. PURIFIER > 4. DRYER > FINAL PRODUCT
FEED (Synthesis of (Fiitration) (Crystalization) (Solvent Removal) (Pure P)
Product P)
WASTE STREAM SOLVENTHECVCLE A + impurities C + H,0

CHEMICAL ENGINEERING DESIGN WITH REACTION STOHIMEMRITY

Figure 2.4 Integration of flow sheets and stoichiometry in process design

2.4.2 Case examples of process design using stoichiometry

Case studies illustrate how stoichiometry and flow sheets are applied together in real-world
processes. For example, in the production of ammonia, the flow sheet shows the sequence of
operations from feed preparation to synthesis, while stoichiometric calculations determine the
exact proportions of nitrogen and hydrogen required. Similarly, in fermentation processes,
stoichiometry helps calculate substrate requirements and expected yields, while the flow sheet
outlines the reactors, separators, and downstream operations.

Fill in the blank: In‘/ammonia production, stoichiometry determines the proportions of nitrogen
and required.
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AMMONIA PRODUCTION PLANT: SIMPLIFIED PROCESS FLOW

Condemer &
[—> Separator

Haber-Bosch - 1
Reactor —— Synthesis Loop —— Liquid Amonia
Product
» L= |

Plate 2.4 Flow sheet of ammonia production process with stoichiometric inputs

2.4.3 Role in cost estimation and optimisation

Flow sheets and stoichiometry also play a vital role in cost estimation and process
optimisation. Flow sheets identify equipment needs and energy requirements, while
stoichiometry ensures that raw materials are used efficiently. Together, they allow engineers to
estimate operating costs, predict product yields, and identify areas where improvements can
reduce expenses. Optimisation may involve adjusting stoichiometric ratios, redesigning unit
operations, or modifying flow sheet layouts to achieve better efficiency and profitability.

Fill in the blank: Flow sheets identify equipment needs and energy requirements, while
stoichiometry ensures efficient use of

Applications of flow sheets and stoichiometry in cost estimation and optimisation

Estimating raw material and energy costs.
Predicting product yields and profitability.
Identifying inefficiencies in process design.
Supporting optimisation strategies for better resource use.
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Pilot questions 4

How are flow sheets and stoichiometry linked in process design?

Give one example of a process where stoichiometry and flow sheets are applied together.

In ammonia production, which two elements are combined according to stoichiometric calculations?
How do flow sheets and stoichiometry contribute to cost estimation?

What strategies can be used to optimise processes using flow sheets and stoichiometry?

Series Summary

This Series has focused on process flow sheets and stoichiometry, two essential tools in chemical
engineering that combine visual representation with quantitative analysis. The purpose was to
help you understand how processes are mapped, how material balances are represented, and how
stoichiometric principles are applied to ensure efficiency and-aceuracy in process design.

We began by introducing process flow sheets, their types, and their importance in engineering
practice. Then we examined how unit operations and material balances are represented,
highlighting the principle of conservation of mass. Following that, we explored the fundamentals
of stoichiometry, including coefficients, balanced equations, and their role in determining
material requirements. Finally, we looked at applications that integrate flow sheets with
stoichiometric calculations, showing how they guide cost estimation and optimisation. In line
with the Series Learning Outcomes, you should now be able to define and distinguish types of
flow sheets, apply material balance principles, interpret stoichiometric coefficients, perform
stoichiometric calculations, and evaluate how these tools are used together in process design.

Concept Check Questions [Series 2]

Objective Questions

Define a processflow sheet. (Linked to SLO 2.1)

Identify the type of flow sheet that provides the most detailed information about piping and
instruments. (Linked to SLO 2.2)

State the convention used to indicate the direction of material flow in a process flow sheet. (Linked
to SLO 2.3)

What principle does a material balance apply in chemical processes? (Linked to SLO 2.4)

In the equation 2H, + O, = 2H,0, how many molecules of hydrogen are required? (Linked to SLO
2.7)

Short-Answer Questions

Explain one reason why process flow sheets are important in chemical engineering. (Linked to SLO 2.1)
Describe how unit operations are represented in a process flow sheet. (Linked to SLO 2.3)
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Demonstrate how conservation of mass is applied in a distillation column. (Linked to SLO 2.5)
Give one example of how stoichiometry is applied in process design. (Linked to SLO 2.8)
Analyse how flow sheets and stoichiometry are linked in process design. (Linked to SLO 2.9)

Long-Answer Questions

Evaluate the importance of distinguishing between block flow diagrams, process flow diagrams, and
piping and instrumentation diagrams. (Linked to SLO 2.2)

Assess the role of stoichiometric coefficients in predicting product yields and material requirements.
(Linked to SLO 2.7, SLO 2.8)

Discuss how flow sheets and stoichiometry together contribute to cost estimation and optimisation in
chemical processes. (Linked to SLO 2.10)

Answers to Concept Check Questions [Series 2]

Objective Questions

A process flow sheet is a diagrammatic representation of the sequence of operations in a chemical
process.

A piping and instrumentation diagram (P&ID).

Arrows.

The principle of conservation of mass.

Two molecules of hydrogen.

Short-Answer Questions

They are important because they provide both technical and economic insight into a process.

Unit operations are represented by standardised symbols, with arrows showing material flow between
them.

The mass of feed entering equals the combined mass of distillate and residue streams.

In ammonia production, stoichiometry calculates the exact proportions of nitrogen and hydrogen
required.

Flow.sheets provide the visual representation of operations, while stoichiometry supplies the
guantitative relationships, ensuring accuracy and efficiency.

Long-Answer Questions

Basic response: Block flow diagrams provide a simplified overview, process flow diagrams add
detail, and P&IDs are the most comprehensive.

Value-added response: Beyond this, distinguishing between them ensures appropriate use at
different stages of design, from conceptual planning to detailed engineering and plant operation.

Basic response: Stoichiometric coefficients indicate the proportions of reactants and products,
allowing calculation of material requirements and yields.
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Value-added response: They also help in scaling laboratory reactions to industrial production,
predicting efficiency, and identifying potential limitations in resource use.

Basic response: Flow sheets identify equipment and energy needs, while stoichiometry ensures
efficient use of raw materials, together supporting cost estimation.

Value-added response: In addition, they highlight inefficiencies, guide optimisation strategies,
and integrate technical and economic data to improve profitability and sustainability.

Answers to Pilot Questions [Series 2]

Answers to Pilot Questions 1

A process flow sheet is a diagrammatic representation of the sequence of operations in a chemical
process.

The three main types of flow sheets.are block flow diagrams, process flow diagrams, and piping and
instrumentation diagrams.

A piping and instrumentation diagram (P&ID) provides the most detailed information about piping
and instruments.

Flow sheets are important because they provide both technical and economic insight into a process.

Flow sheets contribute to safety by highlighting potential hazards and control points in the process.

Answers to Pilot Questions 2

Symbols in'process flow sheets are used to represent equipment and unit operations.

Arrows are the convention used to show the direction of material flow.

A material balance ensures that the law of conservation of mass is applied in chemical processes.

Material balances are represented in flow sheets by stream labels showing flow rates and
compositions.

The principle of conservation of mass states that total mass entering a system equals total mass
leaving plus any accumulation.

Answers to Pilot Questions 3
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Stoichiometry is the quantitative relationship between reactants and products in a chemical
reaction, and it is important because it ensures efficiency and minimises waste in process
science.

A stoichiometric coefficient represents the proportion in which substances react or are produced in
a chemical equation.

Two molecules of hydrogen are required in the equation 2H, + O, - 2H,0.

An example of stoichiometry in process design is calculating the proportions of nitrogen and
hydrogen in ammonia production.

Stoichiometry is essential for scaling laboratory reactions to industrial production because it ensures
accurate material requirements and predictable yields.

Answers to Pilot Questions 4

Flow sheets and stoichiometry are linked because flow sheets provide the visual representation of
operations, while stoichiometry supplies the quantitative relationships.

An example is ammonia production, where stoichiometry calculates nitrogen and hydrogen
requirements and the flow sheet shows the sequence. of operations.

Nitrogen and hydrogen are combined according to stoichiometric calculations in ammonia
production.

Flow sheets and stoichiometry contribute to cost estimation by identifying equipment needs, energy
requirements, and raw material usage.

Optimisation strategies include adjusting stoichiometric ratios, redesigning unit operations, and
modifying flow sheet layouts toimprove efficiency and profitability.

-
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Series 3: Handling of Fluids and
Conservation Laws

Part 1 Introduction to Fluid Properties and Handling

3.1.1 Definition and classification of fluids
3.1.2 Physical properties of fluids (density, viscosity, compressibility)
3.1.3 Importance of fluid handling in process industries

Part 2 Fluid Statics and Pressure Relationships

3.2.1 Hydrostatic pressure and Pascal’s law
3.2.2 Pressure measurement techniques
3.2.3 Applications of fluid statics in process design

Part 3 Fluid Dynamics and Flow Patterns

3.3.1 Laminar and turbulent flow
3.3.2 Reynolds number and its significance
3.3.3 Flow measurement devices (orifice, venturi, rotameter)

Part 4 Conservation Laws in Fluid Systems

3.4.1 Conservation of mass (continuity equation)
3.4.2 Conservation of energy (Bernoulli’s equation)
3.4.3 Conservation of momentum in fluid flow

Part S Applications of Fluid Handling and Conservation Laws

3.5.1 Case studies in chemical process industries
3.5.2 Role in equipment design (pumps, compressors, pipelines)
3.5.3 Integration with process optimisation and safety

Introduction

Fluids are everywhere in chemical engineering, from the water that cools reactors to the gases
that drive combustion processes. Understanding how fluids behave and how they can be handled
safely and efficiently is fundamental to process science. Equally important are the conservation
laws, which provide the mathematical framework for predicting and controlling fluid behaviour.
This Series will help you connect these principles to real-world applications in chemical process
industries.
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The aim of this Series is to introduce you to the essential concepts of fluid handling and to equip
you with the ability to apply conservation laws of mass, energy, and momentum in process
design and analysis. By the end of the Series, you will be able to interpret fluid properties,
explain flow behaviour, and apply conservation principles to practical engineering problems.

We shall commence this Series by exploring the basic properties of fluids and their importance
in handling within process industries. Next, we will move on to fluid statics, examining pressure
relationships and their applications. Following that, we will study fluid dynamics, focusing on
flow patterns, Reynolds number, and flow measurement devices. Afterwards, we will continue
with conservation laws, applying the principles of mass, energy, and momentum to fluid
systems. Finally, we will wrap up by considering applications of these concepts in equipment
design, case studies, and process optimisation, bringing the Series to a close with practical
insights into industrial practice.

Series Learning Outcomes

Upon completing this Series, you should be able to:

define fluids and classify them according to their physical properties,

explain the importance of fluid handling in chemical process industries,

describe hydrostatic pressure and apply Pascal’s law to fluid systems,

demonstrate methods of measuring pressure in fluid statics,

distinguish between laminar and turbulent flow patterns in fluid dynamics,

calculate Reynolds number and interpret its significance in determining flow regimes,

apply conservation of mass using the continuity equation in fluid systems,

apply conservation of energy using Bernoulli’s equation to analyse fluid flow,

analyse conservation of momentum in practical fluid handling scenarios, and

evaluate applications of fluid handling and conservation laws in equipment design, process
optimisation, and safety.

3.1 Introduction to Fluid Properties and Handling
3.1.1 Definition and classification of fluids

A fluid 1s any substance that can flow and does not resist deformation under applied stress. This
includes both liquids and gases. Unlike solids, fluids take the shape of their container and can be
classified based on their physical state, compressibility, and behaviour under different
conditions. For example, water is an incompressible liquid, while air is a compressible gas.

Fill in the blank: A fluid is any substance that can and does not resist deformation
under applied stress.
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CLASSIFICATION

FLUIDS

[ LIQUIDS ) [ GASES j

e Definite volume * No definite volume
No fixed shape No fixed shape
e Examples: e Examples:
® Water (H,0) & SAIr(N, +0;) O @
Oil . ., Steam (H,0)
Alcohol <> Helium

STATES OF MATTER IN CHEMISTRY

Figure 3.1 Classification of fluids into liquids and gases

3.1.2 Physical properties of fluids (density, viscosity, compressibility)

The density of a fluid is its mass per unit volume, usually expressed in kilograms per cubic
metre. It determines how heavy a fluid is for a given space. Viscosity is a measure of a fluid’s
resistance to flow; honey has ahigh viscosity compared to water. Compressibility refers to the
ability of a fluid to change volume under pressure, which is significant in gases but negligible in
most liquids. These properties are fundamental in predicting how fluids behave in pipelines,
reactors, and equipment.

Fill in the blank: The property that measures a fluid’s resistance to flow is called
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FLUID VISCISBITY: A COMPARATIVE DEMONRATION

\ —
LOW VISCOSITY FLUID: HIGH VISCOSITY FLUID:
HONEY

Plate 3.1 Comparison of fluid viscosities

3.1.3 Importance of fluid handling in process industries

Fluid handling refers to the methods and equipment used to transport, store, and control fluids
in industrial processes. It is crucial because fluids are involved in almost every chemical
engineering operation, from pumping water into boilers to compressing gases in reactors.
Effective fluid handling ensures safety, efficiency, and cost-effectiveness. Poor handling can lead
to energy losses, equipment damage, or even hazardous accidents.

Fill in the blank: Effective fluid handling ensures safety, efficiency, and in process
industries.

Importance of fluid handling in process industries

Ensures safe transport and storage of fluids.
Improves efficiency of industrial operations.
Reduces energy losses and operating costs.

Prevents accidents and equipment damage.

Pilot questions 3.1

-
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What is a fluid and how is it classified?

Name three physical properties of fluids that influence their behaviour.
Which property measures a fluid’s resistance to flow?

Why is compressibility more significant in gases than in liquids?

Give one reason why fluid handling is important in process industries.

3.2 Fluid Statics and Pressure Relationships

3.2.1 Hydrostatic pressure and Pascal’s law

Hydrostatic pressure is the pressure exerted by a fluid at rest due to the weight of the fluid
above a given point. It increases with depth and is directly proportional to the fluid’s density and
gravitational acceleration. This principle is fundamental in designing tanks, dams, and pipelines.
Pascal’s law states that pressure applied to a confined fluid is transmitted equally in all
directions. This principle is the basis for hydraulic systems such as presses-and lifts.

Fill in the blank: Hydrostatic pressure increases with and is proportional to fluid
density and gravity.

HYDROSTATIC PRESSURE

Visualizing ont Effect of Depth in Fluids

T - Atmospheric Pressure (Patm)

e Low Pressure

Medium

High Pressure

Pressure Increases with Depth
+grgh
P = Total Pressure
P.um = Atmospheric Pressure
o Fluid Density
h = Depth

DEEPER = HIGHER PRESSURE — STRONGER FORCE

Figure 3.2 Hydrostatic pressure distribution in a fluid column

3.2.2 Pressure measurement techniques

Pressure measurement is essential in fluid statics to monitor and control processes. Common
devices include the manometer, which uses a column of liquid to measure pressure differences,
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and the Bourdon gauge, which measures pressure using the deformation of a curved tube. These
instruments are widely used in laboratories and industrial plants to ensure safe and efficient
operation.

Fill in the blank: A uses a column of liquid to measure pressure differences.

PRESSURE MEASUREMENT DEVICES

(_ T Gases )

System
Pressure

h (Pressure
Difference

System
Pressure

[ U-TUBE MANOMOTER j (BOURDON PRESSURE GAUGE]
e Measures differential pressure e Measures gauge pressure
pressure
e Simple, mechanical e Mechanical, dial-based
e Fluid height indiates pressure e Tube straightens with pressure
\_ J - _J

ENGINEERING TOOLS FOR FLUID MECHANICS

Plate 3.2 Pressure measurement devices in fluid systems

3.2.3 Applications of fluid statics in process design

Fluid statics prineiples are applied in many areas of process design. For example, hydrostatic
pressure calculations are used to design storage tanks and determine the strength of pipelines.
Pascal’s law is applied in hydraulic systems for lifting heavy equipment or compressing
materials. Pressure measurement ensures that processes operate within safe limits, preventing
accidents and equipment failure.

Fill in the blank: Pascal’s law is applied in systems for lifting heavy equipment.

Applications of fluid statics in process industries

Designing storage tanks and pipelines using hydrostatic pressure.
Applying Pascal’s law in hydraulic presses and lifts.
Monitoring safe operating conditions with pressure measurement devices.
Al prompt suggestion: “Create a text box summarising applications of fluid statics in process
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industries.”
Search string: “applications of fluid statics chemical engineering OER”

Pilot questions 3.2

What is hydrostatic pressure and how does it vary with depth?

State Pascal’s law in relation to fluid statics.

Which device uses a column of liquid to measure pressure differences?
Give one example of how hydrostatic pressure is applied in process design.
Why is pressure measurement important in fluid systems?

3.3 Fluid Dynamics and Flow Patterns

3.3.1 Laminar and turbulent flow

Laminar flow is a type of fluid motion where particles. move in smooth, parallel layers with
minimal mixing between them. It occurs at low velocities and is characterised by orderly
movement. In contrast, turbulent flow is chaotic, with eddies and swirls that cause significant
mixing of fluid particles. Turbulent flow occurs at higher velocities and is common in industrial
pipelines. Understanding the difference between laminar and turbulent flow is crucial for
designing efficient fluid systems.

Fill in the blank: Laminar flow is characterised by smooth, parallel layers, while
flow is chaotic and mixed.
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FLUID FLOW REGIMES: LAMINAR VS. TURBILENT

1. LAMINAR FLOW 2. TURBLENT FLOW

e Smooth, Parallel Layers e Chaotic, Swirling Motion

e Orderly Motion e Disorderty & Unprexlitable
e Low Velocity / High Viscointy e High Velocity / Low Vislocity
* No Mixing Between Layers e Vigrrous Mixing

Visualizing the difference between
orderly and chaoic fluid motion

Figure 3.3 Comparison of laminar and turbulent flow patterns

3.3.2 Reynolds number and its significance

The Reynolds number (Re).is a dimensionless quantity used to predict flow regimes in fluid
dynamics. It is calculated as the ratio of inertial forces to viscous forces in a fluid. Low Reynolds
numbers (Re <2000) indicate laminar flow, while high Reynolds numbers (Re > 4000) indicate
turbulent flow. Values between 2000 and 4000 represent a transitional zone. Engineers use
Reynolds number to determine whether a fluid system will operate smoothly or experience
turbulence.

Fill in the blank: A Reynolds number less than usually indicates laminar flow.
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REYNOLDS NUMBER REGIMES

Visualzing Flow Patterns in a Pineline

1. LAMINAR 2. TRANSITIONAL 3. TURBLMENT
FLOW

Re < 2300 230 < Re < 4000 Re > 4000

Smooth, parallel layers. Mixed, unstable flow. Chaotic, swirling eddies.
Predictable path. Onest of eddies. Rapid mixing.
Low velocity. Interntenent. High velocity.

Flow Direction

INCREASING VELOCITY & TURBULENCE = HIGHER REYNNOLDS NUMBER

Plate 3.3 Flow regimes based on Reynolds number

3.3.3 Flow measurement devices (orifice, venturi, rotameter)

Flow measurement is essential in fluid dynamics to monitor and control processes. An orifice
meter, measures flow rate by detecting pressure drop across a plate with a hole. A venturi meter
uses a narrowing section of pipe to measure flow based on pressure differences, offering higher
accuracy and lower energy loss compared to an orifice. A rotameter measures flow by the
position of a float in a tapered tube, which rises or falls depending on flow rate. Each device has
specific applications depending on accuracy requirements and process conditions.

Fill in the blank: A meter measures flow rate by the position of a float in a tapered
tube.

Common flow measurement devices in fluid dynamics

Orifice meter: measures flow using pressure drop across a plate.
Venturi meter: measures flow using pressure differences in a narrowed pipe section.
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Rotameter: measures flow using the position of a float in a tapered tube.

Pilot questions 3.3

What is laminar flow and how does it differ from turbulent flow?
What does the Reynolds number represent in fluid dynamics?
At what Reynolds number range does transitional flow occur?
Name three common devices used to measure fluid flow.

Which flow measurement device uses a float in a tapered tube?

3.4 Conservation Laws in Fluid Systems

3.4.1 Conservation of mass (continuity equation)

The conservation of mass principle states that mass cannot be created or destroyed in a closed
system. In fluid mechanics, this is expressed through the continuity equation, which relates the
velocity of fluid flow to the cross-sectional area of'the pipe and the density of the fluid.
Mathematically, it ensures that the mass flow rate entering a system equals the mass flow rate
leaving it. This principle is vital in designing pipelines and ensuring that flow rates are consistent
across different sections.

Fill in the blank: The continuity equation ensures that the flow rate entering a
system equals the flow rate leaving it.
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FLUID CONTINUITY EQUATION

SECTION 1 (Inlet) SECTION 2 SECTION 3 (Outlet)
— Area=A, Area = A, (Small) — Area=A,

Velocity = v, Velocity = v, (High) Velocity = v,
; ! : |

H

== 0 Flow Rate = Q

A1V1 = A2V2 = A3V3 = Q (Constant)

As the cross-sectinal area of the pipe decreases,
the fluid velocity increases,
maintaning a constant flow rate (Q)

VISUALIZING CONSERVATION OF MASS IN FLUID MECHANICS

Figure 3.4 Continuity equation in fluid flow

3.4.2 Conservation of energy (Bernoulli’s equation)

The conservation of energy principle in fluid systems is expressed by Bernoulli’s equation,
which relates pressure, velocity, and elevation in a flowing fluid. It states that the total energy of
a fluid particle remains constant along a streamline, provided there is no friction or energy loss.
Bernoulli’s equation is widely applied in designing pumps, turbines, and measuring devices such
as venturi meters.

Fill in the blank: Bernoulli’s equation relates pressure, velocity, and in a flowing
fluid.
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VENTURI EFFECT: PRESSURE &
VELOCITY RELATIONSHIP

HIGH PRESSURE (p, HIGH VELOCITY (v, LOW VELOCITY (v, HIGH PRESSURE (v ='l1)
L 1 i f

2. NARROW THROAT

1. WIDE SECTION —» FLUID FLOW ‘ 3. WIDE SECTION
(UPSTREAM) (DOWNCTREAM)

Acording Bernoull’s Principle: Higher Velocity = Lower Pressure
Cross-secxtional Area: A; > A,, therefore V; < V2

Plate 3.4 Application of Bernoulli’s equation in a venturi tube

3.4.3 Conservation of momentum in fluid flow

The conservation of momentum principle states that the rate of change of momentum of a fluid
is equal to the sum of external forces acting on it. In fluid mechanics, this principle is applied to
analyse forcesexerted by fluids on surfaces such as pipe bends, nozzles, and vanes. Engineers
use momentum equations to design equipment that can withstand fluid forces and to predict the
behaviour of jets‘and sprays in industrial processes.

Fill in the blank: The conservation of momentum principle states that the rate of change of
momentum equals the sum of forces acting on the fluid.

Applications of conservation of momentum in fluid systems
Designing pipe bends and nozzles to withstand fluid forces.

Predicting jet and spray behaviour in industrial processes.
Analysing forces on vanes and blades in turbines.

R
o) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Pilot questions 3.4

What does the continuity equation represent in fluid mechanics?

State Bernoulli’s equation in relation to fluid energy.

Which three variables are related in Bernoulli’s equation?

How is the conservation of momentum applied in fluid systems?

Give one example of equipment where momentum conservation is important.

3.5 Applications of Fluid Handling and Conservation Laws

3.5.1 Case studies in chemical process industries

Fluid handling and conservation laws are applied daily in chemical process industries. For
example, in petroleum refining, fluids such as crude oil and gases must be transported through
pipelines under controlled pressure and flow conditions. In food processing, fluids like milk and
juices are pumped, stored, and pasteurised with strict adherence to conservation principles to
maintain quality and safety. These case studies highlight how theoretical principles translate into
practical solutions in industry.

Fill in the blank: In food processing, fluids such as milk and juices are pumped and pasteurised
with strict adherence to principles.

CHEMICAL PLANT FLUID HANDLING

ADDITIVE
RAW MATERIAL I PRODUCT
STORAGE TANK STORAGE TANK
Tank A = l Tank B
—
N (7
I
; P—
= — PROCESS UNIT =
Reactor/Separator
o |
—F
= [ => WASTE STREAM
—% i

PUMP 3

ENGINEERING VISUALIZATION OF INDUSTRIAL PIPING SYSTEMS

Figure 3.5 Fluid handling in a chemical process industry
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3.5.2 Role in equipment design (pumps, compressors, pipelines)

Equipment design in chemical engineering relies heavily on fluid handling and conservation
laws. Pumps are designed to move liquids efficiently by applying conservation of energy
principles, while compressors handle gases by applying conservation of mass and momentum.
Pipelines are designed using hydrostatic pressure and flow dynamics to ensure safe transport of
fluids over long distances. Engineers must consider these laws to prevent energy losses, leaks, or
mechanical failures.

Fill in the blank: Pumps are designed to move liquids efficiently by applying conservation of
principles.

=T

|| WL 8

Plate 3.5 Fluid handling equipment in process industries

3.5.3 Integration with process optimisation and safety

Process optimisation involves improving efficiency and reducing costs by applying
conservation laws to fluid systems. For instance, adjusting flow rates and pressures can minimise
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energy consumption while maintaining product quality. Safety is also a critical aspect, as
improper fluid handling can lead to accidents such as pipeline bursts or pump failures. By
integrating conservation laws into design and operation, engineers ensure that processes are both
efficient and safe.

Fill in the blank: Improper fluid handling can lead to accidents such as pipeline bursts or
failures.

Applications of fluid handling and conservation laws in optimisation and safety

Optimising flow rates and pressures to reduce energy consumption.
Ensuring equipment operates within safe limits.

Preventing accidents such as leaks, bursts, and mechanical failures.
Supporting sustainable and cost-effective process design.

Pilot questions 3.5

Give one example of how fluid handling is applied in food processing.
Which conservation principle is applied in pump design?

Name three types of equipment that rely on fluid handling principles.
How can conservation laws contribute to process optimisation?

What type of accident can occur due to improper fluid handling?

Series Summary

This Series has focused on the handling of fluids and the application of conservation laws, both
of which are fundamental to chemical engineering practice. The purpose was to help you
understand how fluids behave under different conditions, how their properties influence process
operations, and how conservation principles of mass, energy, and momentum provide the
framework for safe and efficient design.

We began by introducing fluid properties and their importance in handling within process
industries. Then we examined fluid statics, exploring hydrostatic pressure, Pascal’s law, and
pressure measurement techniques. Following that, we studied fluid dynamics, distinguishing
between laminar and turbulent flow, interpreting Reynolds number, and considering flow
measurement devices. We continued with conservation laws, applying the continuity equation,
Bernoulli’s principle, and momentum conservation to fluid systems. Finally, we looked at
practical applications in equipment design, case studies, and process optimisation. In line with
the Series Learning Outcomes, you should now be able to define and classify fluids, explain
pressure relationships, analyse flow regimes, apply conservation laws, and evaluate how these
principles are integrated into industrial practice.
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Concept Check Questions [Series 3]

Objective Questions

Define a fluid. (Linked to SLO 3.1)

Identify the property that measures a fluid’s resistance to flow. (Linked to SLO 3.1)
State Pascal’s law in relation to fluid statics. (Linked to SLO 3.3)

What does the Reynolds number represent in fluid dynamics? (Linked to SLO 3.6)
Which conservation principle is expressed by Bernoulli’s equation? (Linked to SLO 3:8)

Short-Answer Questions

Explain why compressibility is more significant in gases than in liquids. (Linked to SLO 3.1)

Describe how hydrostatic pressure varies with depth in a fluid column. (Linked to SLO 3.3)

Demonstrate how the continuity equation applies to fluid flow ina pipeline with.varying cross-sectional
areas. (Linked to SLO 3.7)

Give one example of how momentum conservation is applied in fluid systems. (Linked to SLO 3.9)
Analyse how fluid handling contributes to safety in process industries. (Linked to SLO 3.10)

Long-Answer Questions

Evaluate the differences between laminar and turbulent flow, and discuss their implications for process
design. (Linked to SLO 3.5)

Assess the role of Reynolds number inpredicting flow regimes and its importance in industrial
applications. (Linked to SLO 3.6)

Discuss how conservation laws of mass, energy, and momentum are integrated into equipment design
such as pumps, compressors, and pipelines. (Linked to SLO 3.7, SLO 3.8, SLO 3.9, SLO 3.10)

Answers to Concept Check Questions [Series 3]

Objective Questions

A fluid is any substance that can flow and does not resist deformation under applied stress.

Viscosity.

Pascal’s law states that pressure applied to a confined fluid is transmitted equally in all directions.

The Reynolds number represents the ratio of inertial forces to viscous forces, predicting flow
regimes.

Conservation of energy.

Short-Answer Questions
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Compressibility is more significant in gases because their volume changes noticeably under pressure,
unlike liquids.

Hydrostatic pressure increases with depth and is proportional to fluid density and gravitational
acceleration.

The continuity equation ensures that the mass flow rate entering equals the mass flow rate leaving,
even if pipe diameter changes.

Momentum conservation is applied in analysing forces on pipe bends, nozzles, and turbine blades.
Fluid handling contributes to safety by preventing leaks, bursts, and equipment failures, ensuring
processes operate within safe limits.

Long-Answer Questions

Basic response: Laminar flow is smooth and orderly, while turbulent flow is chaotic and mixed.
Value-added response: In process design, laminar flow is preferred for precision and
predictability, while turbulent flow enhances mixing and heat transfer but requires stronger
equipment to withstand forces.

Basic response: Reynolds number predicts whether flow will be laminar, turbulent, or
transitional.

Value-added response: In industry, it helps engineers design pipelines, select pumps, and
optimise processes by anticipating flow behaviour under different operating conditions.

Basic response: Conservation of mass ensures consistent flow rates, conservation of energy
governs pressure and velocity relationships, and conservation of momentum analyses fluid
forces.

Value-added response: Together; these laws guide the design of pumps, compressors, and
pipelines, ensuring efficiency, safety, and cost-effectiveness. They also support optimisation
strategies and sustainable process design.

Answers to Pilot Questions [Series 3]

Answers to Pilot Questions 3.1

A fluid is any substance that can flow and does not resist deformation under applied stress.

The three physical properties are density, viscosity, and compressibility.

Viscosity.

Because gases change volume significantly under pressure, while liquids are nearly incompressible.

Fluid handling is important because it ensures safety, efficiency, and cost-effectiveness in process
industries.

Answers to Pilot Questions 3.2
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Hydrostatic pressure is the pressure exerted by a fluid at rest, and it increases with depth.

Pascal’s law states that pressure applied to a confined fluid is transmitted equally in all directions.

A manometer.

Hydrostatic pressure is applied in designing storage tanks and pipelines.

Pressure measurement is important to monitor safe operating conditions and prevent equipment
failure.

Answers to Pilot Questions 3.3

Laminar flow is smooth and orderly, while turbulent flow is chaotic and mixed.

The Reynolds number represents the ratio of inertial forces to viscous forces, predicting flow
regimes.

Transitional flow occurs between Reynolds numbers of 2000 and 4000.

Orifice meter, venturi meter, and rotameter.

A rotameter.

Answers to Pilot Questions 3.4

The continuity equation represents conservation of mass.in fluid mechanics, ensuring equal mass
flow rates in and out.

Bernoulli’s equation states that the total energy of a fluid particle remains constant along a
streamline.

Pressure, velocity, and elevation:

It is applied to analyse forces exerted by fluids on surfaces such as pipe bends, nozzles, and vanes.

Turbine blades.

Answers to Pilot Questions 3.5

Fluid handling in food processing involves pumping and pasteurising fluids such as milk and juices.

Conservation of energy.

Pumps, compressors,and pipelines.

Conservation laws contribute to optimisation by reducing energy consumption and improving
efficiency.

Pipeline bursts.

-
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Series 4: Mechanisms and Correlation of
Heat Transfer

Part 1 Introduction to Heat Transfer

4.1.1 Definition and importance of heat transfer in process industries
4.1.2 Modes of heat transfer: conduction, convection, radiation
4.1.3 Practical relevance of heat transfer mechanisms

Part 2 Conduction Heat Transfer

4.2.1 Fourier’s law of heat conduction
4.2.2 Thermal conductivity and its significance
4.2.3 Applications of conduction in process equipment

Part 3 Convection Heat Transfer

4.3.1 Natural and forced convection
4.3.2 Newton’s law of cooling
4.3.3 Heat transfer coefficients and correlations

Part 4 Radiation Heat Transfer

4.4.1 Stefan—Boltzmann law
4.4.2 Emissivity and absorptivity of surfaces
4.4.3 Industrial applications of radiation heat transfer

Part 5 Heat Transfer Correlations and Applications

4.5.1 Dimensionless numbers (Nusselt, Prandtl, Grashof)
4.5.2 Empirical correlations for heat transfer prediction
4.5.3 Applications incequipment design (heat exchangers, furnaces, reactors)

Introduction

Every industrial process involves the transfer of heat, whether it is boiling water in a power
plant, cooling gases in a refinery, or baking products in a food factory. Heat transfer is central to
chemical engineering because it governs how energy is moved, conserved, and utilised in
equipment and processes. Without a clear understanding of its mechanisms and correlations, it
would be impossible to design efficient systems or ensure safe operations. This Series therefore
builds on your knowledge of process science by focusing on how heat moves and how engineers
quantify and apply these principles.
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The aim of this Series is to introduce you to the fundamental mechanisms of heat transfer and to
equip you with the ability to apply correlations that predict and optimise heat transfer in
industrial systems. By the end of the Series, you will be able to explain conduction, convection,
and radiation, use relevant laws and equations, and evaluate their applications in process
equipment.

We shall commence this Series by defining heat transfer and exploring its importance in process
industries. Next, we will study conduction, examining Fourier’s law and the role of thermal
conductivity. Following that, we will move on to convection, considering natural and. forced
convection, Newton’s law of cooling, and heat transfer correlations. Afterwards, we will
continue with radiation, focusing on the Stefan—Boltzmann law, emissivity, and industrial
applications. Finally, we will wrap up by discussing dimensionless numbers, empirical
correlations, and practical applications in equipment design such as heat exchangers, furnaces,
and reactors, bringing the Series to a close with real-world relevance.

Series Learning Outcomes

Upon completing this Series, you should be able to:

define heat transfer and explain its importance in chemical process industries,

describe the three modes of heat transfer: conduction, convection, and radiation,

apply Fourier’s law to calculate heat conduction through solids,

explain the significance of thermal conductivity in determining conduction rates,

distinguish between natural and forced convection in fluid systems,

apply Newton’s law of cooling to quantify convective heat transfer,

analyse the role of heat transfer coefficients and correlations in convection processes,

apply the Stefan—Boltzmann law to evaluate radiation heat transfer,

explain the concepts of emissivity and absorptivity and their influence on radiation,

calculate and interpret dimensionless numbers such as Nusselt, Prandtl, and Grashof in heat
transfer analysis,

evaluate empirical correlations for predicting heat transfer in engineering applications, and

assess the application of heat transfer mechanisms and correlations in equipment design such
as heat exchangers, furnaces, and reactors.

4.1 Introduction to Heat Transfer

4.1.1 Definition and importance of heat transfer in process industries

Heat transfer is the movement of thermal energy from one body or system to another due to a
temperature difference. It is a fundamental concept in chemical engineering because almost
every process involves heating, cooling, or maintaining a specific temperature. Examples include

R
o) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



boiling in reactors, cooling gases in condensers, and drying products in food processing.
Efficient heat transfer ensures energy conservation, safety, and cost-effectiveness in industrial
operations.

Fill in the blank: Heat transfer is the movement of energy from one body to another
due to a temperature difference.

HEAT TRANSFER: ENERGY FLOW BETWEEN TWO BODIES

Illustrating the movement of thermal energy from hot to cold.

[oam:{el) 4
(High Temperature)

COLD BODY

(Low Temperature)

Key Principles:

* Heat always flows from a region of higher temperature of reguenls lower tremperature.

* This transfer continues until both bodies reach thermal equilbrrium (same temperature).

* The rate of heat transfer depends on a temperature difference, surface area, and material
properties.

A fundamental concept in therodmamics and heat engine efficiency

Figure 4.1 Basic concept of heat transfer between hot and cold bodies

4.1.2 Modes of heat transfer: conduction, convection, radiation

There are three primary modes of heat transfer. Conduction is the transfer of heat through a
solid material due to molecular vibrations and collisions, such as heat moving along a metal rod.
Convection is the transfer of heat in fluids (liquids or gases) due to bulk motion, such as warm
air rising in a room. Radiation is the transfer of heat through electromagnetic waves, such as the
sun warming the earth. Each mode has distinct mechanisms and applications in process
industries.

Fill in the blank: The transfer of heat through electromagnetic waves is called
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HEAT TRANSFER MODES:
CONDUCTION, CONVECTION, & RADIATION

Visualizing how thermal energy moves through different mediums

1. CONDUCTION IN 2. CONVECTION IN 3. RADIATION FROM
IN A ROD A FLUID THE SUN

= “

)
fgﬁ — ) ' '
[ ';‘ 4 b ———
" Qﬁﬁ - Heat transfer

. through fluid
movement

« Direct contact * Fluid (liquid or gas) - Electotongnetic waves
« Heat flows through solids motion - Travels through space
= Molecular vibrations - Heat rises, cold sinks * No medium required

= Density differences

Plate 4.1 Modes of heat transfer: conduction, convection, and radiation

4.1.3 Practical relevance of heat transfer mechanisms

Heat transfer mechanisms are applied in designing and operating equipment such as heat
exchangers, boilers, furnaces, and reactors. For instance, conduction is critical in designing
insulation materials, convection governs cooling systems, and radiation is significant in furnaces
and solar energy applications. Engineers must select the appropriate mechanism or combination
of mechanisms to achieve desired process outcomes efficiently and safely.

Filldn the blank: Conduction is critical in designing materials for process
equipment.

Practical applications of heat transfer mechanisms

Conduction: insulation materials, heat conduction in solids.
Convection: cooling systems, fluid heating in reactors.
Radiation: furnaces, solar energy systems.

Pilot questions 4.1
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What is heat transfer and why is it important in process industries?

Name the three modes of heat transfer.

Which mode of heat transfer occurs through electromagnetic waves?

Give one example of conduction in process equipment.

Why must engineers select appropriate heat transfer mechanisms in process design?

4.2 Conduction Heat Transfer

4.2.1 Fourier’s law of heat conduction

Fourier’s law states that the rate of heat transfer through a solid material is proportional to the
negative gradient of temperature and the area through which heat flows. Mathematically, it is
expressed as:

q = -kA (dT/dx)

where:
q = heat transfer rate
k = thermal conductivity of the material
A = cross-sectional area

dT/dx = temperature gradient

This law provides the foundation for analyzing conduction in engineering systems such as walls,
rods, and insulation materials.

Fill in the blank: Fourier’s law states that the rate of heat transfer is proportional to the
gradient of temperature.
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HEAT CONDUCTION THROUGH A SOLID WALL

Visualizing Temperature Gradient & Energy Transfer

' T4

7 7 Cold Side
High Temperature i Low Temperature

(Thot) Temperature Gr%xdient (AT (T cold)
Heat FIovy Q)

Heat transfers from hotter to colder regions.
Rate depends on material material properties &
temperature difference.

TEMPERATURE DIFFERENCE — ENERGY TRANSFER — THERMAL EQUILORIUM
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Figure 4.2 Heat conduction through a solid wall based on Fourier’s law

4.2.2 Thermal conductivity and its significance

Thermal conductivity is a property of a material that indicates its ability to conduct heat.
Materials with high thermal conductivity, such as metals, transfer heat quickly, while those with
low thermal conductivity, such as wood or fibreglass, act as insulators. Engineers must select
materials with appropriate conductivity depending on whether heat transfer should be maximised
or minimised in a process.

Fill in the blank: Materials with high conductivity transfer heat quickly, while those
with low values act as insulators.
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THERMAL CONDUCTIVITY COMPARISON

HIGH THERMAL CONDUCTIVITY LOW THERMAL CONDUCTIVITY
(Metals) (Insulators)

* Allow rapid heat transfer * Resist heat transfer
= Feel cold to the touch * Feel warm to the touch
* Examples: Copper, Aluminum, Steel * Examples: Wood, Plastic, Foam

MATERIALS SCIENCE VISUALZATION OF HEAT TRANSFER

Plate 4.2 Comparison of thermal conductivity in different materials

4.2.3 Applications of conduction in process equipment

Conduction plays a vital role in process equipment design. For example, in heat exchangers,
conduction occurs through the walls separating hot and cold fluids. In furnaces, refractory
materials with low thermal conductivity are used to minimise heat loss. In reactors, conduction
ensures uniform temperature distribution across solid catalysts. These applications demonstrate
how econduction principles are integrated into industrial practice.

Fill in the blank: In heat exchangers, conduction occurs through the separating hot
and cold fluids.

Applications of conduction heat transfer in process industries

Heat exchangers: conduction through separating walls.
Furnaces: refractory materials minimise heat loss.
Reactors: conduction ensures uniform catalyst temperature.

-
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Pilot questions 4.2

State Fourier’s law of heat conduction.

What does thermal conductivity represent?

Give one example of a material with high thermal conductivity.

Why are refractory materials used in furnaces?

How does conduction contribute to uniform temperature distribution in reactors?

4.3 Convection Heat Transfer

4.3.1 Natural and forced convection

Convection is the transfer of heat in fluids (liquids or gases) due to the combined effect of
molecular motion and bulk fluid movement. It occurs in two forms: natural convection, which
is driven by density differences caused by temperature variations.(such as warm air rising in a
room), and forced convection, which is driven by external means such asfans or pumps. Natural
convection is common in everyday situations, while forced convection is widely used in
industrial processes to enhance heat transfer efficiency:

Fill in the blank: Convection driven by density differences due to temperature variations is called
convection.

CONVECTION: NATURAL VS. FORCED

1. NATURAL CONVECTION 2. FORCED CONVECTION

= Fluid motion due density differences = Fluid motion by external means
Warm fluid rise:, cold fluid sinks = Fan, pump, or mixer moves the fluid
= No external device required = Increases heat transfer rate
(e.al, boiling water) (eal, blowing on food)

Visualizing the two primary mechanisms of heat transfer through fluid movement.

Figure 4.3 Natural and forced convection examples

4.3.2 Newton’s law of cooling
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Newton’s law of cooling states that the rate of heat transfer between a solid surface and a
surrounding fluid is proportional to the temperature difference between them and the heat
transfer coefficient. Mathematically, it is expressed as:

q=hA(Ts - To)
where:

q = heat transfer rate

h = heat transfer coefficient

A = surface area

Ts = surface temperature

Too = fluid temperature far from the surface

This law is fundamental in quantifying convective heat transfer in engineering systems such as
heat exchangers, cooling of electronic devices, and thermal insulation design.

Fill in the blank: Newton’s law of cooling states that the rate of heat transfer is proportional to
the difference between a surface and a fluid.

HEAT TRANSFER BY NATURAL CONVECTION

Visualizing Energy Loss from a Hot Surface

Hot Air (T _hot) | Ambient Air

100°C \ k / 25_ambient)
Hot Surface - 4 -

(T_surface) =——— Heat Flow (Q)

300°C

Hot air rises due lower density, creating a natural
circulation. Heat is transrfered from the he
hot surface to a cooler air.

» TEMPERATURE DIFFERENCE — DENSITY CHANGE — NATURAL CONVECTION

Plate 4.3 Illustration of Newton’s law of cooling

4.3.3 Heat transfer coefficients and correlations
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The heat transfer coefficient is a parameter that quantifies the convective heat transfer between
a surface and a fluid. It depends on factors such as fluid velocity, viscosity, and surface
geometry. Engineers often use empirical correlations to estimate heat transfer coefficients in
practical situations, especially when dealing with complex geometries or turbulent flows. These
correlations are expressed in terms of dimensionless numbers such as Nusselt, Prandtl, and
Reynolds numbers, which simplify the analysis of convection processes.

Fill in the blank: The heat transfer coefficient depends on fluid velocity, viscosity, and
geometry.

Factors influencing heat transfer coefficients

Fluid velocity: higher velocity increases convective heat transfer.
Fluid viscosity: affects resistance to flow and heat transfer.

Surface geometry: influences flow patterns and heat transfer rates.
Empirical correlations: used to estimate coefficients in real systems.

Pilot questions 4.3

What is convection and how does natural convection differ from forced convection?
State Newton’s law of cooling in words.

Which parameter quantifies convective heat transfer between a surface and a fluid?
Name three factors that influence the-heat transfer coefficient.

Why are empirical correlations important in convection analysis?

4.4 Radiation Heat Transfer
4.4.1 Stefan—Boltzmann Law
Radiation heat transfer is the transfer of thermal energy through electromagnetic waves, without
the need for a medium. The Stefan—Boltzmann law states that the total energy radiated per unit
surface area of a black body is proportional to the fourth power of its absolute temperature.
Mathematically, it is expressed as:
q=0cT"4
where:

q = radiant heat flux

o = Stefan—Boltzmann constant

T = absolute temperature

This principle is fundamental in analyzing high-temperature processes such as furnaces, solar
radiation, and thermal emission studies.
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Fill in the blank: The Stefan—Boltzmann law states that radiant energy is proportional to the
power of absolute temperature.

THERMAL RADIATION EMISSION

HOT SURFACE COOL SURFACE
(High Temperature) Lower Temperature)
= r—
T =N
-~ Infared Radiation

(Electorgrenetic Waves)

s

* All objects emit thermal energy * Less energy emitted
* Emission increases with temperature e Longer, less intense waves
 Wavlength depends of temperature = Example: Human body heat

PHYSICS VISUALIZATION OF HEAT TRANSFER

Figure 4.4 Stefan—Boltzmann law of radiation heat transfer

4.4.2 Emissivity.and absorptivity of surfaces

Emissivity is the ratio of radiation emitted by a surface to that emitted by a perfect black body at
the same temperature. It ranges from 0 to 1, with higher values indicating better radiating
surfaces. Absorptivity is the fraction of incident radiation absorbed by a surface. Together, these
properties determine how real surfaces behave compared to ideal black bodies. For example,
polished metals have low emissivity, while rough, dark surfaces have high emissivity.

Fill in the blank: Polished metals have low emissivity, while surfaces have high
emissivity.
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EMISSIVITY: REFLECTIVE VS. ABSORBENT SURFACES

Comparing how materials radiate and absorb thermal energy

| 1. LOW EMISSIVITY 2. HIGH EMISSIVITY

>

Rough, Dark Surface
(e.g), Soot, Black Paint)

Polished Metal (e.g),
Aluminum, Silver)

Absorbs most heat
Radiates strongly

Rough, dull surace
Excellent absorber

Reflects most heat
Radiates little heat
Smooth, shiny surface
Poor absorber

Visualizing how material properties affect thermal radiation and absorption

Plate 4.4 Comparison of emissivity in different surfaces

4.4.3 Industrial applications of radiation heat transfer

Radiation plays a significant role in industrial processes, especially at high temperatures. In
furnaces, radiationds the dominant mode of heat transfer, ensuring efficient heating of materials.
In solar energy systems, radiation from the sun is harnessed for power generation and heating.
In thermal insulation design, understanding radiation properties helps minimise heat losses.
Engineers must account for radiation effects to optimise energy use and ensure safety in high-
temperature environments.

Filldin the blank: In furnaces, radiation is the mode of heat transfer.

Applications of radiation heat transfer in industry

Furnaces: efficient heating of materials through radiation.
Solar energy systems: harnessing radiation for power and heating.
Thermal insulation: minimising heat losses by controlling radiation.

Pilot questions 4.4

-
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What is radiation heat transfer and how does it differ from conduction and convection?
State the Stefan—Boltzmann law in relation to radiation.

What does emissivity represent?

Give one example of a surface with high emissivity.

Name two industrial applications where radiation is the dominant mode of heat transfer.

4.5 Heat Transfer Correlations and Applications

4.5.1 Dimensionless numbers in heat transfer

In fluid and heat transfer analysis, dimensionless numbers are used to simplify complex
relationships and make correlations universally applicable. The Nusselt number (Nu) represents
the ratio of convective to conductive heat transfer across a boundary. The Prandtl. number (Pr)
relates momentum diffusivity to thermal diffusivity, while the Grashof number (Gr) indicates
the relative significance of buoyancy forces in natural convection. These numbers allow
engineers to predict heat transfer behaviour without relying on case-specific units.

Fill in the blank: The Nusselt number represents the ratio of convective'to heat
transfer across a boundary.

HEAT TRANSFER DIMELENENESS NUMBERS:

Visualizing Convection Principles

1. NUSSELT NUMBER (Nu) 2. PRANDTL NUMBER (Pr) 3. GRASHOF NUMBER (Gr)

Nu = Convective / Conductive Pr = Momemtum Diffiusility /
Heat Transfer. Indicates Thermal Diffiusllity. Relates Gr = Buyancy Forces /
enhanced enhanel transfer due velooity dary layer thickness to Governss natural convection

convection. thermal balvesfer thickess. from a body.

FORCED CONVECTION NATURAL 4
HEAT TRANSFER CONVENGTION

PREDICTING & OPTIMIZE HEAT TRANSFER RATES

Figure 4.5 Dimensionless numbers in heat transfer

4.5.2 Empirical correlations for heat transfer prediction
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Empirical correlations are mathematical relationships derived from experimental data that
predict heat transfer coefficients under specific conditions. For example, correlations involving
Reynolds and Nusselt numbers are widely used to estimate convective heat transfer in pipes and
ducts. These correlations are essential because exact analytical solutions are often impractical for
complex geometries or turbulent flows. Engineers rely on them to design systems that balance
accuracy with efficiency.

Fill in the blank: Empirical correlations are derived from data to predict heat
transfer coefficients.

CONVECTIVE HEAT TRANSFER MEASUREMENT

INLET TEMPERATURE, T, INLET TEMPERATURE, T

at

FLOW METER .
Mass Fiow Rate, m® HEATING SECTION Heat Transfer Coefficient, h

o
{ 1 L
@ ﬁ | I b L 4 e ACGUISITION
) i [ SYSTEM
PumP <——

HEATING SECTION
Constant Heat Flux, g"

144

o= q” (waall) Twall i Tfluid h

Measures the rate of heat transfer between the
pipe wall and the fluid

CHEMICAL ENGINEERING LAB EXPERIMENT VISUILIZATION @

Plate 4.5 Experimental basis of empirical correlations

4.5.3 Applications in equipment design

Heat transfer correlations are applied in designing equipment such as heat exchangers,
furnaces, and reactors. In heat exchangers, correlations help determine the required surface area
for efficient energy exchange. In furnaces, radiation correlations guide material selection and
insulation design. In reactors, conduction and convection correlations ensure uniform
temperature distribution, which is critical for reaction control. By applying these correlations,
engineers can optimise performance, reduce energy losses, and improve safety.

Fill in the blank: In heat exchangers, correlations help determine the required area
for efficient energy exchange.

R
o) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Applications of heat transfer correlations in process equipment

Heat exchangers: determining surface area for energy exchange.
Furnaces: guiding material selection and insulation design.
Reactors: ensuring uniform temperature distribution for reaction control.

Pilot questions 4.5

What does the Nusselt number represent in heat transfer analysis?

Which dimensionless number relates momentum diffusivity to thermal diffusivity?
Why are empirical correlations important in predicting heat transfer?

Give one example of equipment where heat transfer correlations are applied.
How do correlations improve the design of heat exchangers?

Series Summary

This Series has explored the mechanisms and correlations of heat transfer, a subject central to
chemical engineering practice and vital for designing efficient and safe process systems. The
purpose was to help you understand how heat moves through different media, how it can be
quantified, and how these principles are applied in industrial equipment.

We began with an introduction to heat transfer and its importance in process industries, then
examined conduction through Fourier’s law and the role of thermal conductivity. Following that,
we studied convection, considering natural and forced convection, Newton’s law of cooling, and
the use of correlations.-We continued with radiation, focusing on the Stefan—Boltzmann law,
emissivity, and industrial applications. Finally, we concluded with heat transfer correlations,
dimensionless numbers, and their application in equipment design such as heat exchangers,
furnaces, and reactors. In line with the Series Learning Outcomes, you should now be able to
define and explain the modes of heat transfer, apply relevant laws and equations, analyse
dimensionless numbers and empirical correlations, and evaluate their practical applications in
process equipment.

Concept Check Questions [Series 4]

Objective Questions

Define heat transfer. (Linked to SLO 4.1)

Identify the three modes of heat transfer. (Linked to SLO 4.2)

State Fourier’s law of heat conduction. (Linked to SLO 4.3)

Which property indicates a material’s ability to conduct heat? (Linked to SLO 4.4)
Distinguish between natural and forced convection. (Linked to SLO 4.5)
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State Newton’s law of cooling. (Linked to SLO 4.6)

What does the heat transfer coefficient quantify? (Linked to SLO 4.7)

State the Stefan—Boltzmann law. (Linked to SLO 4.8)

What does emissivity represent? (Linked to SLO 4.9)

Which dimensionless number represents the ratio of convective to conductive heat transfer? (Linked
to SLO 4.10)

Short-Answer Questions

Explain why thermal conductivity is important in process equipment design. (Linked to SLO 4.4)
Describe how convection is enhanced in forced systems compared to natural systems. (Linked to SLO
4.5)

Demonstrate how Newton’s law of cooling applies to a hot surface exposed to air. (Linked.to SLO 4.6)
Give one example of a surface with high emissivity and explain its significance. (Linked.to SLO 4.9)
Analyse why empirical correlations are necessary in predicting heattransfer in complex geometries.
(Linked to SLO 4.11)

Explain how heat transfer correlations improve the design of heat exchangers. (Linked to SLO 4.12)

Long-Answer Questions

Evaluate the differences between conduction, convection, and radiation, and discuss their relative
importance in process industries. (Linked to SLOs 4.2, 4.3, 4.5, 4.8)

Assess the role of dimensionless numbers such.as Nusselt, Prandtl, and Grashof in heat transfer analysis.
(Linked to SLO 4.10)

Discuss how conservation laws and heat transfer correlations are integrated into the design of industrial
equipment such as heat exchangers, furnaces, and reactors. (Linked to SLOs 4.11, 4.12)

Answers to.Concept Check Questions [Series 4]

Objective Questions

Heat transfer is the movement of thermal energy due to a temperature difference.

Conduction, convection, and radiation.

The rate of heat transfer is proportional to the negative temperature gradient and the area.

Thermal conductivity.

Natural convection is driven by density differences, while forced convection is driven by external
means.

The rate of heat transfer is proportional to the temperature difference between a surface and a
fluid.

The heat transfer coefficient quantifies convective heat transfer between a surface and a fluid.

Radiant energy is proportional to the fourth power of absolute temperature.

Emissivity is the ratio of radiation emitted by a surface to that emitted by a black body.

Nusselt number.
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Short-Answer Questions

Thermal conductivity determines whether a material transfers heat quickly (metals) or resists heat
transfer (insulators).

Forced convection uses pumps or fans to increase fluid velocity, enhancing heat transfer compared to
natural convection.

Heat transfer from a hot surface to surrounding air is proportional to the temperature difference and
surface area.

Rough, dark surfaces have high emissivity, making them effective radiators in furnaces.

Empirical correlations are necessary because analytical solutions are impractical for turbulent flows and
complex geometries.

Correlations help determine the required surface area and optimise efficiency in heat exchangers.

Long-Answer Questions

Basic response: Conduction transfers heat through solids, convection transfers heat in fluids,
and radiation transfers heat through electromagnetic waves.

Value-added response: In process industries, conduction is critical in insulation, convection
governs cooling and heating systems, and radiation dominates high-temperature processes such
as furnaces and solar applications. Their relative importance depends on the operating conditions
and equipment design.

Basic response: Dimensionless numbers simplify heat transfer analysis and make correlations
universally applicable.

Value-added response: The Nusselt number relates convective to conductive transfer, the
Prandtl number links momentum and thermal diffusivity, and the Grashof number indicates
buoyancy effects. Together, they allow engineers to predict flow regimes and design efficient
systems across diverse applications.

Basic response: Conservation laws and correlations guide the design of equipment by ensuring
accurate heat transfer predictions.

Value-added response: In heat exchangers, correlations determine surface area; in furnaces,
radiation laws guide insulation; and in reactors, conduction and convection ensure uniform
catalyst temperatures. Integrating these principles improves efficiency, safety, and sustainability
in industrial operations.

-

R | A-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Answers to Pilot Questions [Series 4]

Answers to Pilot Questions 4.1

Heat transfer is the movement of thermal energy from one body to another due to a temperature
difference, and it is important in process industries because it ensures energy/conservation,
safety, and efficiency in operations.

The three modes of heat transfer are conduction, convection, and radiation.
Radiation is the mode of heat transfer that occurs through electromagnetic waves.

An example of conduction in process equipment is the transfer of heat through the walls of a heat
exchanger separating hot and cold fluids.

Engineers must select appropriate heat transfer mechanisms in process design to achieve desired
outcomes efficiently, minimise energy losses, and ensure safe.and reliable operation of
equipment.

Answers to Pilot Questions 4.2

Fourier’s law of heat conduction states that the rate of heat transfer is proportional to the negative
temperature gradient and the area through which heat flows.

Thermal conductivity represents a material’s ability to conduct heat.

Metals such as copper andaluminium.

Refractory materials are used in furnaces to minimise heat loss.

Conduction ensures uniform temperature distribution across solid catalysts in reactors.

Answers to Pilot Questions 4.3

Convection'is the transfer of heat in fluids due to molecular motion and bulk fluid movement.
Natural convection is driven by density differences, while forced convection is driven by external
means such as fans or pumps.

Newton’s law of cooling states that the rate of heat transfer between a solid surface and a fluid is
proportional to the temperature difference between them and the heat transfer coefficient.

The heat transfer coefficient.

Fluid velocity, fluid viscosity, and surface geometry.

Empirical correlations are important because they allow engineers to estimate heat transfer
coefficients in complex systems where analytical solutions are impractical.

Answers to Pilot Questions 4.4

-
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Radiation heat transfer is the transfer of thermal energy through electromagnetic waves, unlike
conduction and convection which require matter.

The Stefan—Boltzmann law states that radiant energy is proportional to the fourth power of absolute
temperature.

Emissivity represents the ratio of radiation emitted by a surface compared to that emitted by a black
body at the same temperature.

Rough, dark surfaces.

Furnaces and solar energy systems.

Answers to Pilot Questions 4.5

The Nusselt number represents the ratio of convective to conductive heat transfer across a
boundary.

The Prandtl number.

Empirical correlations are important because they are derived from experimental data and provide
practical predictions of heat transfer coefficients.

Heat exchangers.

Correlations improve the design of heat exchangers by helping determine the required surface area
for efficient energy exchange.

Series 5: Distillation Techniques and
Operating Variables

Part 1 Introduction to Distillation

5.1.1 Definition and importance of distillation in process industries
5.1.2 Principles of vapour-liquid equilibrium
5.1.3 Applications of distillation in chemical engineering

Part 2 Distillation Methods
5.2.1-Simple distillation
5.2.2 Fractional distillation
5.2.3 Steam distillation
5.2.4 Vacuum distillation
5.2.5 Azeotropic and extractive distillation
Part 3 Distillation Equipment and Design Features
5.3.1 Distillation columns and trays
5.3.2 Packing materials and efficiency

5.3.3 Reboilers and condensers

Part 4 Operating Parameters in Distillation
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5.4.1 Reflux ratio and its effect on separation

5.4.2 Pressure and temperature control

5.4.3 Feed composition and flow rate

5.4.4 Energy requirements and efficiency considerations

Part S Industrial Applications and Case Studies

5.5.1 Petroleum refining

5.5.2 Alcohol production

5.5.3 Separation of speciality chemicals

5.5.4 Environmental and sustainability considerations

Introduction

Distillation is one of the most widely used separation techniques.in cheémical engineering,
playing a central role in industries ranging from petroleum refining to alcohol production. It is
the backbone of many large-scale processes because it enables the efficient separation of
mixtures based on differences in volatility. Without a clear understanding of distillation methods
and the variables that influence their operation, engineers would struggle to design systems that
are both effective and economical. This Series therefore builds on your knowledge of process
science by focusing on how distillation works and how operating parameters affect its
performance.

The aim of this Series is to introduce you to the fundamental methods of distillation and to equip
you with the ability to analyse and apply operating parameters in order to optimise separation
processes in industrial practice.

We shall commence this Series by exploring the definition and importance of distillation,
together with the principles of vapour—liquid equilibrium and its applications. Next, we will
examine the different distillation methods, including simple, fractional, steam, vacuum,
azeotropie, and extractive distillation. Following that, we will move on to distillation equipment
and design features, focusing on columns, trays, packing materials, reboilers, and condensers.
Afterwards, we will continue with operating parameters such as reflux ratio, pressure and
temperature control, feed composition, and energy requirements. Finally, we will wrap up by
considering industrial applications and case studies, including petroleum refining, alcohol
production, speciality chemical separation, and sustainability considerations, bringing the Series
to a close with practical relevance.

Series Learning Outcomes
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Upon completing this Series, you should be able to:

define distillation and explain its importance in chemical process industries,

describe the principle of vapour—liquid equilibrium as it applies to distillation,

distinguish between different distillation methods including simple, fractional, steam,
vacuum, azeotropic, and extractive distillation,

explain the design features of distillation equipment such as columns, trays, packing,
reboilers, and condensers,

analyse the effect of operating parameters such as reflux ratio, pressure, temperature, feed
composition, and flow rate on distillation performance,

evaluate the energy requirements and efficiency considerations in distillation operations,

apply distillation techniques and operating parameters to industrial case studies including
petroleum refining, alcohol production, and speciality chemical separation.

5.1 Introduction to Distillation

5.1.1 Definition and importance of distillation in process industries

Distillation is a separation technique that relies on differences in volatility between components
of a liquid mixture. It involves heating the mixture to form vapour and then condensing the
vapour to recover purified components. Distillation is one of the most widely used unit
operations in chemical engineering, with applications in petroleum refining, alcohol production,
and the manufacture of speciality chemicals. Its importance lies in its ability to achieve high-
purity separations on both laboratory and industrial scales.

Fill in the blank: Distillation is a separation technique that relies on differences in
between components of a liquid mixture.
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SIMPLE DISTILLATION SETUP
FOR SEPARATION

BOILING FLASK ——
(Heated Mixture)

’—— Vapor Flow
—— HEATING MANTLE

. 1

Cooling Water In

(Cooling  Out) -
—— h_ RECEIVER FLASK
(Pure Liquid)

THERMEEMER
(Vapor Coolep)

s
BOILING FLASK — i CONDENSER DISTILATE

(Heated Mixture) (Vapor Cooled) (Purified Liquid)

APPLICATION: Used to separate liquids
with different boiling points

BASIC CHEMISTRY LABORATORY TECHNIQUE

Figure 5.1 Basic distillation setup

5.1.2 Principles of vapour-liquid equilibrium

Vapour-liquid equilibrium (VLE) describes the condition where a liquid and its vapour are in
balance at a given temperature and pressure. At equilibrium, the composition of the vapour phase
differs from that of the liquid phase, and this difference forms the basis of separation in
distillation. Engineers use VLE data to design distillation columns and predict how mixtures will
separate-under operating conditions.

Filldn the blank: Vapour—liquid equilibrium occurs when a liquid and its are in
balance at a given temperature and pressure.

Plate 5.1 Vapour—liquid equilibrium curve for a binary mixture

5.1.3 Applications of distillation in chemical engineering

Distillation is applied across many sectors of chemical engineering. In petroleum refining,
crude oil is separated into useful fractions such as petrol, diesel, and kerosene. In alcohol
production, distillation is used to concentrate ethanol from fermentation broths. In speciality
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chemicals, distillation ensures the purity of solvents and reagents. These applications highlight
the versatility of distillation as a separation method.

Fill in the blank: In petroleum refining, crude oil is separated into useful fractions such as petrol,
, and kerosene.

Selected applications of distillation in industry

Petroleum refining: separation of crude oil into fractions.
Alcohol production: concentration of ethanol.
Speciality chemicals: purification of solvents and reagents.

Pilot questions 5.1

What is distillation and why is it important in process industries?

What principle underlies the separation achieved in distillation?

Define vapour-liquid equilibrium.

Give one example of distillation applicationiin petroleum refining.

Why is distillation considered a versatile separation method in chemical engineering?

5.2 Distillation Methods
5.2.1 Simple distillation

Simple distillation is the most basic form of distillation, used when separating mixtures whose
components have significantly different boiling points. The process involves heating the mixture
until the more volatile component vaporises, then condensing the vapour to collect it separately.
This method is common in laboratories for purifying solvents or separating mixtures such as
water and ethanol when high purity is not required.

Fill in the blank: Simple distillation is effective when separating mixtures with components that
have significantly different points.

Figure 5.2 Simple distillation apparatus

5.2.2 Fractional distillation

Fractional distillation is used when separating mixtures of liquids with closer boiling points. It
employs a fractionating column, which provides surfaces for repeated condensation and
vaporisation cycles, thereby improving separation efficiency. This technique is widely used in
petroleum refining to separate crude oil into fractions such as petrol, diesel, and kerosene.

Fill in the blank: Fractional distillation uses a column to improve separation
efficiency.
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Plate 5.2 Fractional distillation column in operation

5.2.3 Steam distillation

Steam distillation involves passing steam through a mixture to vaporise components at
temperatures lower than their normal boiling points. It is particularly useful for separating heat-
sensitive compounds such as essential oils. By lowering the effective boiling point, steam
distillation prevents decomposition of delicate substances.

Fill in the blank: Steam distillation is especially useful for separating compounds
such as essential oils.

Figure 5.3 Steam distillation setup

5.2.4 Vacuum distillation

Vacuum distillation reduces the pressure inside the distillation apparatus; thereby lowering the
boiling points of the components. This method is used for substances that decompose at high
temperatures under atmospheric pressure. It is widely-applied in the chemical and petroleum
industries for separating heavy fractions that cannot be distilled at normal pressures.

Fill in the blank: Vacuum distillation lowers the points of components by reducing
pressure inside the apparatus.

Plate 5.3 Vacuum distillation unit

5.2.5 Azeotropic and extractive distillation

Azeotropic distillation is used to break azeotropes, which are mixtures that boil at a constant
composition and cannot be separated by ordinary distillation. This is achieved by adding another
substance (called an entrainer) to alter the vapour—liquid equilibrium. Extractive distillation is
similar but uses a solvent to change the relative volatilities of components, allowing separation.
Both methods are advanced techniques applied in chemical industries where conventional
methods fail.

Fill in the blank: Azeotropic distillation uses an to alter vapour—liquid equilibrium
and break azeotropes.

Advanced distillation methods

Azeotropic distillation: breaks azeotropes using an entrainer.
Extractive distillation: uses a solvent to change relative volatilities.

Pilot questions 5.2
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What is simple distillation and when is it effective?

Why is a fractionating column used in fractional distillation?

Give one example of a compound separated by steam distillation.
Why is vacuum distillation suitable for heavy fractions?

How does azeotropic distillation differ from extractive distillation?

5.3 Distillation Equipment and Design Features

5.3.1 Distillation columns and trays

Distillation columns are tall vertical vessels where separation of liquid mixtures occurs through
repeated vapour—liquid contact. They are the heart of industrial distillation systems. Inside the
column, trays (also called plates) provide surfaces for vapour rising and liquid descending to
interact, allowing multiple equilibrium stages. The efficiency of separation depends on the
number and type of trays used.

Fill in the blank: Distillation columns are tall vertical vessels where separation occurs through
repeated contact.

Figure 5.3 Distillation column with trays

5.3.2 Packing materials and efficiency

Instead of trays, some columns use packing materials, which are structures placed inside the
column to provide large surface areas for vapour—liquid contact. Packing can be random
packing (small pieces like Raschig rings) or structured packing (ordered arrangements such as
corrugated sheets). Packed columns are often used when pressure drop must be minimised or
when handling corrosive fluids. Efficiency is measured in terms of height equivalent to a
theoretical plate (HETP), which indicates how much packing is needed to achieve one
equilibrium stage.

Fill in the blank: Efficiency of packed columns is measured in terms of equivalent
to a theoretical plate (HETP).

Plate 5.3 Packing materials used in distillation columns

5.3.3 Reboilers and condensers

Reboilers are heat exchangers located at the bottom of the distillation column. They provide the
necessary heat to vaporise liquid and drive separation. Condensers are heat exchangers at the
top of the column that cool and condense vapour into liquid, which can then be collected or
returned as reflux. Together, reboilers and condensers maintain the energy balance of the column
and ensure continuous operation.

Fill in the blank: Reboilers provide the necessary heat to vaporise liquid, while cool
and condense vapour into liquid.
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Figure 5.4 Distillation column with reboiler and condenser

Pilot questions 5.3

What is the function of trays in a distillation column?

What is the difference between random packing and structured packing?
Define HETP in relation to packed columns.

What role does a reboiler play in distillation?

Why is a condenser essential at the top of a distillation column?

5.4 Operating Parameters in Distillation

5.4.1 Reflux ratio and its effect on separation

Reflux ratio is the ratio of liquid returned to the distillation column.as reflux compared to the
liquid product withdrawn. A higher reflux ratio generally improves separation efficiency because
it increases the number of vapour—liquid contacts inside the column. However, it also raises
energy consumption and operating costs. Engineers must balance reflux ratio to achieve the
desired purity without excessive energy use.

Fill in the blank: A higher reflux ratio improves separation efficiency but also increases
consumption.

Figure 5:5 Effect of reflux ratio on separation efficiency

5.4.2 Pressure and temperature control

Pressure control in a distillation column influences boiling points and vapour—liquid
equilibrium. Llowering pressure reduces boiling points, which is useful for heat-sensitive
materials. Temperature control ensures that the column operates within the correct range for
effective separation. Together, pressure and temperature must be carefully monitored to maintain
stable'operation and prevent product contamination.

Fill in the blank: Lowering column pressure reduces points, which is useful for
heat-sensitive materials.

Plate 5.4 Pressure and temperature control in distillation

5.4.3 Feed composition and flow rate

Feed composition refers to the relative amounts of components in the mixture entering the
column. It directly affects the separation difficulty and the number of stages required. Flow rate
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determines how much material enters the column per unit time. If the feed rate is too high, the
column may flood, reducing efficiency. If too low, the column may not operate at optimal
capacity. Engineers must adjust feed composition and flow rate to maintain balance between
efficiency and throughput.

Fill in the blank: If the feed rate is too high, the column may , reducing efficiency.

Figure 5.6 Influence of feed composition and flow rate in distillation

5.4.4 Energy requirements and efficiency considerations

Distillation is energy-intensive, with most energy consumed in reboilers and condensers. Energy
requirements depend on factors such as reflux ratio, feed composition, and operating pressure.
Engineers must evaluate efficiency considerations, including minimising heat losses, using
energy integration techniques, and optimising operating parameters. Energy-efficient distillation
reduces costs and supports sustainability goals in process industries.

Fill in the blank: Most of the energy consumed in distillation occurs.in and
condensers.

Energy efficiency strategies in distillation

Optimise reflux ratio to balance purity and energy use.

Use heat integration to recycle energy within the plant.

Minimise heat losses through insulation.

Select operating pressure and temperature carefully to reduce energy demand.

Pilot questions 5.4

What is reflux ratio and how does it affect separation efficiency?

Why is pressure control important in distillation columns?

What happens if the feed rate is too high?

Which equipment consumes most of the energy in distillation?

Give two strategies for improving energy efficiency in distillation operations.

5.5 Industrial Applications and Case Studies

5.5.1 Petroleum refining

Petroleum refining is one of the largest industrial applications of distillation. Crude oil is a
complex mixture of hydrocarbons, and fractional distillation is used to separate it into useful
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fractions such as petrol, diesel, kerosene, and lubricating oils. Each fraction is collected at
different levels of the distillation column based on its boiling range. This process is fundamental
to the energy sector and provides raw materials for many downstream industries.

Fill in the blank: In petroleum refining, crude oil is separated into useful fractions such as petrol,
diesel, and

Plate 5.5 Fractional distillation of crude oil in petroleum refining

5.5.2 Alcohol production

Alcohol production relies on distillation to concentrate ethanol from fermentation broths. After
fermentation, the ethanol concentration is relatively low, and distillation is used to,increase
purity. Fractional distillation is often employed to achieve higher concentrations, while
azeotropic distillation may be required to break ethanol-water azeotropes for absolute alcohol
production. This application is vital in the beverage industry‘and alse in producing biofuels.

Fill in the blank: Distillation is used in alcohol production to concentrate from
fermentation broths.

Figure 5.7 Ethanol distillation process in alcohol production

5.5.3 Separation of speciality chemicals

Distillation is also applied in the production of speciality chemicals, which require high purity
for use in pharmaceuticals, agrochemicals, and fine chemicals. Vacuum distillation and
extractive distillation are often.used to achieve the required separation when conventional
methods are insufficient. The ability to tailor distillation methods to specific chemical properties
makes it indispensable in these industries.

Fill in the blank: Vacuum distillation is often used in speciality chemical production to prevent
at high temperatures.

Plate 5.6 Distillation equipment for speciality chemical purification

5.5.4 Environmental and sustainability considerations

Modern distillation processes must also address environmental and sustainability
considerations. Since distillation is energy-intensive, industries are adopting strategies such as
heat integration, process intensification, and hybrid separation methods to reduce energy
consumption and carbon emissions. Sustainable distillation practices not only lower costs but
also contribute to environmental protection and compliance with regulations.

Fill in the blank: Sustainable distillation practices aim to reduce energy consumption and
emissions.

Sustainability strategies in distillation
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Heat integration to recycle energy within the plant.

Process intensification to reduce equipment size and energy demand.

Hybrid separation methods combining distillation with membranes or adsorption.
Improved insulation to minimise heat losses.

Pilot questions 5.5

What role does fractional distillation play in petroleum refining?

Why is distillation necessary in alcohol production?

Which distillation methods are often used in speciality chemical production?
What is the main environmental challenge associated with distillation?

Give two strategies for making distillation more sustainable.

Series Summary

This Series has focused on distillation, one.of the most important separation techniques in
chemical engineering, highlighting its relevance to industries such as petroleum refining, alcohol
production, and speciality chemicals. The purpose was to help you understand the principles
behind distillation, the equipment used, and the operating parameters that influence efficiency
and sustainability.

We began with an introduction to distillation.and the principle of vapour—liquid equilibrium, then
examined the different distillation methods including simple, fractional, steam, vacuum,
azeotropic, and extractive distillation. Following that, we explored the design features of
distillation equipment such as columns, trays, packing, reboilers, and condensers. We continued
with operating parameters such as reflux ratio, pressure and temperature control, feed
composition, and energy requirements. Finally, we considered industrial applications and case
studies, linking distillation to petroleum refining, alcohol production, speciality chemicals, and
sustainability practices. In line with the Series Learning Outcomes, you should now be able to
define distillation and its principles, distinguish between methods, explain equipment design,
analyse operating parameters, evaluate energy efficiency, and apply these concepts to real
industrial contexts.

Concept Check Questions [Series 5]

Objective Questions

Define distillation. (Linked to SLO 5.1)

State the principle of vapour—liquid equilibrium. (Linked to SLO 5.2)

Identify the distillation method used for separating mixtures with close boiling points. (Linked to SLO
5.3)

Which equipment provides surfaces for vapour—liquid contact in a distillation column? (Linked to
SLO 5.4)
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What does HETP stand for in relation to packed columns? (Linked to SLO 5.4)

State the effect of increasing reflux ratio on separation efficiency. (Linked to SLO 5.5)
Which equipment consumes most of the energy in distillation? (Linked to SLO 5.6)
Name one industrial application of azeotropic distillation. (Linked to SLO 5.7)

Short-Answer Questions

Explain why distillation is important in chemical process industries. (Linked to SLO 5.1)

Describe how fractional distillation differs from simple distillation. (Linked to SLO 5.3)

Demonstrate how steam distillation prevents decomposition of heat-sensitive compounds. (Linked to
SLO 5.3)

Explain the role of reboilers and condensers in maintaining column operation. (Linked to SLO 5.4)
Analyse why pressure control is critical in distillation columns. (Linked to SLO 5.5)

Give one example of how distillation is applied in alcohol production. (Linked to SLO-5.7)

Evaluate two strategies for improving energy efficiency in distillation: (Linked to SLO 5.6)

Long-Answer Questions

Compare conduction, convection, and radiation with distillation, highlighting why distillation is unique as
a separation technique. (Linked to SLOs 5.1, 5.2)

Assess the advantages and limitations of fractional, steam, and vacuum distillation methods. (Linked to
SLO 5.3)

Discuss how design features such as trays, packing, reboilers, and condensers influence distillation
efficiency. (Linked to SLO 5.4)

Evaluate the impact of operating parameters such as reflux ratio, feed composition, and flow rate on
product purity and energy consumption. (Linked to SLOs 5.5, 5.6)

Apply distillation principles to industrial case studies, explaining how petroleum refining, alcohol
production, and speciality chemicals benefit from tailored distillation methods. (Linked to SLO 5.7)

Answers to Concept Check Questions [Series 5]

Objective Questions

Distillation is a separation technique based on differences in volatility.

Vapour—liquid equilibrium occurs when liquid and vapour phases are in balance at a given
temperature and pressure.

Fractional distillation.

Trays (or plates).

Height equivalent to a theoretical plate.

It improves separation efficiency but increases energy consumption.

Reboilers and condensers.
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Ethanol-water separation in alcohol production.

Short-Answer Questions

Distillation is important because it enables efficient separation of mixtures, ensuring product purity.in
industries.

Fractional distillation uses a fractionating column for repeated vapour—liquid contact, unlike simple
distillation.

Steam distillation lowers effective boiling points, preventing decomposition of delicate compounds such
as essential oils.

Reboilers supply heat to vaporise liquid, while condensers cool vapour to liquid, maintaining energy
balance.

Pressure control affects boiling points and equilibrium, ensuring stable operation and préventing
product contamination.

Distillation concentrates ethanol from fermentation broths, producing higher purity alcohol.
Strategies include optimising reflux ratio and using heat integration to recycle energy.

Long-Answer Questions

Basic response: Conduction, convection, and radiation transfer heat, while distillation separates
mixtures based on volatility.

Value-added response: Distillation is unique because it exploits vapour—liquid equilibrium,
enabling purification of complex mixtures, unlike heat transfer mechanisms which only move
energy.

Basic response: Fractional distillation separates close boiling mixtures, steam distillation
handles heat-sensitive compounds, and vacuum distillation lowers boiling points.

Value-added response: Fractional distillation is efficient but energy-intensive, steam distillation
prevents decomposition but requires steam supply, and vacuum distillation is ideal for heavy
fractions but involves costly equipment.

Basic response: Trays and packing provide vapour—liquid contact, reboilers supply heat, and
condensers remove vapour.

Value-added response: The choice of trays or packing influences efficiency and pressure drop,
while reboilers and ¢ondensers determine energy demand, making design optimisation critical
for industrial performance.

Basic response: Reflux ratio, feed composition, and flow rate affect separation efficiency and
energy use.

Value-added response: High reflux improves purity but raises energy costs, feed composition
dictates separation difficulty, and flow rate impacts flooding or underutilisation, requiring careful
balance for optimal operation.

Basic response: Petroleum refining uses fractional distillation, alcohol production uses
fractional and azeotropic distillation, and speciality chemicals use vacuum or extractive
distillation.

Value-added response: Tailored distillation methods maximise efficiency and purity in each
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industry, with sustainability strategies such as heat integration and hybrid methods further
enhancing industrial applications.

Answers to Pilot Questions [Series 5]

Answers to Pilot Questions 5.1

Distillation is a separation technique based on differences in volatility, and it is importantin process
industries because it enables efficient purification of mixtures such as crude oil and alcohol.

Vapour—liquid equilibrium.

Vapour—liquid equilibrium is the condition where a liquid and its.vapour are in balance at a given
temperature and pressure.

Petrol.

Distillation is versatile because it can be adapted to different mixtures and industries, from
petroleum refining to speciality chemicals.

Answers to Pilot Questions 5.2

Simple distillation is used to separate mixtures with components that have widely different boiling
points.

A fractionating column provides repeated vapour-liquid contact, improving separation efficiency.

Essential oils.

Vacuum distillation is suitable for heavy fractions because it lowers boiling points and prevents
decomposition at high temperatures.

Azeotropic distillation uses an entrainer to break azeotropes, while extractive distillation uses a
solvent to change relative volatilities.

Answers to Pilot Questions 5.3

Trays provide surfaces for vapour—liquid contact, enabling multiple equilibrium stages.

Random packing consists of small pieces like Raschig rings, while structured packing uses ordered
arrangements such as corrugated sheets.

Height equivalent to a theoretical plate (HETP).

A reboiler supplies heat to vaporise liquid at the bottom of the column.

A condenser cools vapour at the top of the column, turning it into liquid for collection or reflux.

Answers to Pilot Questions 5.4

-
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Reflux ratio is the ratio of liquid returned to the column compared to product withdrawn, and it
affects separation efficiency by increasing vapour—liquid contact.

Pressure control influences boiling points and equilibrium, ensuring stable operation.

The column may flood.

Reboilers and condensers.
Strategies include optimising reflux ratio and using heat integration to recycle energy.

Answers to Pilot Questions 5.5

Fractional distillation separates crude oil into fractions such as petrol, diesel, and kerosene.

Distillation is necessary to concentrate ethanol from fermentation broths.

Vacuum distillation and extractive distillation.

Distillation is energy-intensive.

Strategies include heat integration, process intensification, hybrid separation methods, and
improved insulation.
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