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PREFACE

I am delighted to present this book on process modeling and simulation for chemical
engineers. It is a humble attempt to assimilate the amazing contributions of researchers and
academicians in this area.

The goal of this book is to provide a rigorous treatment of fundamental concepts and
techniques of this subject. To that end, the book includes all requisite mathematical analyses
and derivations, which could be sometimes hard to find. Target readers are those at the
graduate level. This book endeavors to equip them to model sophisticated processes, develop
requisite computational algorithms and programs, improvise existing software, and solve
research problems with confidence.

Chapter 1 provides the groundwork by introducing the terminology of process modeling
and simulation. Chapter 2 presents the fundamental relations for this subject. Chapter 3
incorporates important constitutive relations for common systems. Chapter 4 presents model
formulation with the help of several examples. Transformation techniques are introduced
in Chapter 5. Model simplification and approximation methods are discussed in Chapter 6.
The numerical solution of process models is the theme of Chapter 7. Review of important
mathematical concepts is provided in Chapter 8.

This book can be used as a primary text for a one-semester course. Alternatively,
it could serve as a supplementary text in graduate courses related to modeling
and simulation. Readers could also study the book on their own. During an
initial reading, one could very well skim quickly through a derivation, accept the
result for the time being, and learn more from applications. Computer programs for the
solutions of book examples can be obtained from the publisher’s website,
www.wiley.com/go/upreti/pms_for_chemical engineers.

I am grateful to the editorial team at John Wiley & Sons for providing excellent support
from start to finish.

Finally, I am deeply indebted to my wife Deepa, and children Jahnavi and Pranav. I could
not have completed this book without their unsparing support and understanding.

Ryerson University, Toronto Simant R. Upreti



Notation

Symbol Description Units
a surface area per unit volume m~!
Ay area of moving surfaces m?
Ay area of a port of flow m?
A area m?
A area vector m?
c average concentration of a mixture kmolm~3
C; concentration of the i species kmolm—3
Cp specific heat capacity of mixture Jkg 1K™!
CA’pi C’p of the i species in pure form Jkg 1K1
Chp.i molar specific heat capacity of the i species ina Jkmol 'K~!
mixture

Cp i partial specific heat capacity of the i species ina Jkmol 'K~!

mixture

dx differential change in x of z

D diffusivity of species m?s~!
Dap binary diffusivity of A in a mixture of A and B m2s~!

D matrix of multicomponent diffusivities m2s~!

e; the i component of energy flux Jm~2s7!

E sum of the squared errors in y in a population of y?

E total energy of a system J

E activation energy of reaction Jkmol~!

E energy per unit mass Jkg™!

fi fugacity of the i species Pa

F volumetric flow rate m3s~!

f; mass flux of the 7" species kgm~2s7!

f overall mass flux of a mixture kgm—2s!



xvi

Symbol

Q m=H

n &

EEREnT -

S

=0

-

Description

molar flux of the i species
overall molar flux of a mixture

force vector

Gibbs free energy
Gibbs free energy per unit mass of the i species
gravity, 9.806 65

heat transfer coefficient

enthalpy

enthalpy per unit mass

Henry’s law constant for the i species
enthalpy per unit mass of the i'" species

partial specific enthalpy of the i species in a
mixture

partial molar enthalpy of the i'" species in a mixture
molar enthalpy of the i species in pure form
standard H;

Hessian matrix
identity matrix

diffusive mass flux of the i" species
vector of j;

Jacobian matrix

diffusive molar flux of the i species

vector of J;

reaction rate coefficient
thermal conductivity
frequency factor

mass transfer coefficient

equilibrium constant of a chemical reaction
lower triangular matrix

mass
mass of the i species
molecular weight of the i species

number of components or species

Units
kmolm—2s~1

kmolm—2s~1!

Jkg!

ms~?2

Wm—2K™!
Jkg™!

Jkg™!
Jkg™!

J kmol ™!
J kmol—!
J kmol~!

kgm—2s7!
kgm—2s!

kmolm—2s~!

kmolm—2s~1

as per reaction
Wm 1K™!
as per reaction

ms~!

kg
kg
kg kmol !



Symbol

z =

(=33
(=28

Teen,i

Rgen N

SN 2L

cS oo

<

Description

number of moles of the i species
number of chemical reactions

unit vectors

partial pressure of the i species
pressure
critical pressure

momentum

rate of heat transfer
the i component of conductive heat flux
heat, i.e., energy in transit

conductive heat flux

correlation coefficient
rate of reaction

radial direction
coordinates

in cylindrical and spherical

coefficient of determination
universal gas constant, 8.314 46 x 103
mass rate of s species generated per unit volume

molar rate of i species generated per unit volume

standard deviation in values of y
entropy
entropy per unit mass of the i species

sum of the squared errors from the average of y in
a population

time
temperature
critical temperature

internal energy
internal energy per unit mass
internal energy per unit mass of the i species

upper triangular matrix

magnitude of velocity

the i component of v, or average velocity along
the x;-direction

Units

kgms~!
Js7t

Jm2s1!

Jm—2s71

kg(kmol) m—3 s

Jkmol 1 K1
kgm3s7!
kmolm—3s™!
of y

JK-!

JK 1kg™!

of 32

K,°C
°C

Jkg™!
Jkg!

ms—!

ms~!

xvii

-1



xviii

Symbol

@l o<

Greek Symbols
v
0Q
6

AH?
AH,
AH?
Alz]

\Y

n

Description

volume

molar volume

specific volume

specific volume of the i species
mass average velocity

molar average velocity
shaft work

change of  per unit time

amount of x from external source
generated amount of x

extent of chemical reaction

extent of chemical reaction per unit volume
transpose of x (vector or matrix)

unit vector along the z;-direction

norm or magnitude of x (vector or matrix)

axial direction in cylindrical coordinates

rate-of-strain tensor

Kronecker delta

net () involved in differential changes, dU and dS

unit dyadic (unit tensor)

standard heat of formation of the i™ species
heat of reaction

standard heat of reaction

small amount of, or change in x

loss of x from a system through its ports

gradient operator (a vector)

Non-Newtonian viscosity

#-direction in cylindrical and spherical coordinates

dilatational viscosity

viscosity

Units

m? kmol ™
m3kg~!
m3kg~!
ms!

ms!

J

r-unitss™—
of =
of

Jkmol ™!
Jkmol ™!
Jkmol ™!
of z

of x

Pas
rad, °
Pas

Pas

1

1



Symbol

v
™
11

p
Pi

Tij> Wijs Pij

B

(SRS NIESU

&

&

Description

stoichiometric coefficient of it

chemical reaction

species in a

molecular stress tensor

dimensionless number

density, mass concentration
density, mass concentration of the i species

the j component of stress acting on the i area
component

time period

viscous stress tensor

¢-direction in spherical coordinates
overall stress tensor
potential energy per unit mass

mass fraction
acentric factor

vorticity tensor

Xix

Units

kgm™3

kgm™3

Pa

Pa

rad, °

Jkg™!



1

Introduction

Process modeling and simulation is our intellectual endeavor to explain real-world processes,
foresee their effects, and improve them to our satisfaction. Using foundational rules and
the language of mathematics, we describe a process, i.e., develop its model. Depending on
what needs to be known, we pose the model as a problem. Its solution provides the needed
information, thereby simulating the process as it would unfold in the real world.

This chapter lays the groundwork for process modeling and simulation. We explain the
basic concepts, and introduce the involved terminology in a methodical manner. Our starting
point is the definition of a system.

1.1 System

A system is defined as a set of one or more units relevant to the knowledge that is sought.
Eventually, that knowledge is obtained as system characteristics, and their behavior in time
and space.

We specify a system based on what we want to know about it. Consider for example a well-
mixed reactor shown in Figure 1.1 below. The reactor is fed certain amounts of non-volatile
species A and B in a liquid phase. Inside the reactor, the species react to form a non-volatile
liquid product C. Given that we wish to know the concentration of C in the liquid phase,

reactor

system
(reaction mixture of A, B and C)

Figure 1.1 A system of reaction mixture in a reactor

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion website: www.wiley.com/go/upreti/pms_for_chemical_engineers



2 Process Modeling and Simulation for Chemical Engineers

the system is precisely the reaction mixture as shown in the figure. Anything not relevant —
such as the reactor wall, and the vapor phase over the mixture — is not included in the system.

Everything external to a system constitute its surroundings. A region of zero thickness
in the system separating it from the surroundings is called the boundary. Any interaction
between a system and its surroundings requiring physical contact takes place across the
boundary. For instance, this interaction could be transfer of mass.

For the above system of reaction mixture, the surroundings comprise the reactor wall, and
the vapor phase over the reaction mixture. The system boundary is made of the surface of
mixture in contact with (i) the reactor wall, and (ii) air. An example of interaction between
this system and its surroundings is the evaporation of the species from the mixture through
its top surface (i.e., across the boundary) to air.

1.1.1 Uniform System

A system is said to be uniform or homogenous if it stays the same, regardless of any
recombination of its parts. As an illustration, consider a system in the shape of a cube. We split
it into a set of arbitrary number of small cubes of identical size. Next, we recombine them in
all possible ways to form the initial cube. The system would be uniform if each recombination
(for each set of small cubes) resulted in the original system. If even one recombination
produced a different system, the system would be non-uniform or heterogenous.

1.1.2 Properties of System

We associate a system with the properties it possesses. By property we mean any measurable
characteristic that is related to matter, energy, space, or time. Some common examples of
property are mass, concentration, temperature, enthalpy, pressure, volume, diffusivity, etc.
With the help of the properties of a system, we can keep track of it, and compare it to other
systems of interest.

System properties can be classified into intensive and extensive properties. Given a uniform
system, an extensive property is proportional to the size or extent of the system. Examples
of extensive properties are mass and volume. Thus, the mass of a fraction (say, 1/10") of a
system is the same fraction (1/10%) of the total mass of the system. On the other hand, an
intensive property of a uniform system does not depend on its size or extent, and is the
same, i.e., has the same value, for each part of the system. Examples of intensive property are
concentration, temperature and pressure.

Thus, if a uniform system is at a certain pressure then any part of the system is at the same
pressure. Equivalently, if all intensive properties of a system do not vary then the system is
uniform. An example is the reaction mixture of Figure 1.1 on the previous page. The mixture
has

1. the same value of concentration of the species A throughout the system (or uniform
concentration of A),
2. uniform concentration of each of the remaining species B and C, and

3. asimilar uniformity of any other intensive property, e.g., temperature.
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For a non-uniform system, one or more intensive properties vary within the system. More
precisely, the properties vary with space inside the system. For example, if the reaction
mixture of Figure 1.1 on p.1 were not well-mixed then the species concentrations, and
temperature would not be the same throughout the mixture. In that situation, the mixture
would be a non-uniform system.

1.1.3 Classification of System

Based on whether or not the intensive properties of a system vary with space, we can call
a system uniform, or non-uniform. A non-uniform system is also known as a distributed-
parameter system. If the intensive properties have variations that are small enough to be
insignificant then the system may be considered as a uniform system by taking into account
the space-averaged values of intensive properties. This system is then called a lumped-
parameter system. Thus, the reaction mixture of Figure 1.1 would be a lumped-parameter
system if the temperature varied slightly within the mixture but the latter was considered to
be at some average temperature throughout.

Depending on the degree of separation from the surroundings, systems are also classified
into open, closed and isolated systems. An open system allows exchanges of mass and energy
with the surroundings. On the other hand, a closed system allows only the exchange of
energy. An isolated system does not allow any exchange of mass, or energy.

Thus, the reaction mixture shown in Figure 1.1 would be an open system if it were heated,
or cooled, and the species volatilized to the air. The mixture would be a closed system if it
were heated, or cooled, but the top surface were covered to prevent any escape of the species.
With the top surface covered and perfectly insulated along with the reactor vessel, the mixture
would become an isolated system.

1.1.4 Model

The reason we conceive a system is that we want to learn about it. This learning is
synonymous with figuring out relations between system properties. These relations give
rise to a model. In mathematical terms, a model is a set of equations that involve system
properties. A simple example of a model is the ideal gas law,

PV = RT

where P, V and T are, respectively, the pressure, molar volume, and temperature (properties)
of a system at sufficiently low pressure, and R is the universal gas constant. The properties in
the model do not depend on time, and the associated system is unchanging or at equilibrium
to be exact.

When a system undergoes a change, it appears as an effect on one or more of the system
properties. This is where the notion of process emerges.

1.2 Process

A process is defined as a set of activities taking place in a system, and resulting in certain
effects on its properties. A process is either natural, or man-made. Natural processes — such
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as blood circulation in a human body, photosynthesis in plants, or planetary motion in the
solar system — happen without human volition, and are responsible for certain effects on the
associated systems. For instance, the process of blood circulation in a human body primarily
involves pulmonary circulation between the heart and lungs, and systemic circulation between
the heart and the rest of the body excluding lungs. This process results in, among other things,
specific levels of oxygen and carbon dioxide concentrations in different parts of the body, i.e.,
the system.

Man-made processes on the other hand are contrived by human beings to produce results
of utility. Common examples include processes to produce various synthetic chemicals and
materials, to extract and refine natural resources, to treat gaseous emissions and wastewaters,
and to control climate in living spaces. The reactor shown in Figure 1.1 on p. 1 enables a
man-made process. It involves a chemical reaction between the reactants A and B, which
results in the product C.

1.2.1 Classification of Processes

Based on how system properties change with time, processes are classified into unsteady state
and steady state processes. A process that changes any property of a system with time is called
an unsteady state process, and the system is called unsteady. Thus, the process of chemical
reaction in the reactor of Figure 1.1 is an unsteady state process. It causes the reactant and
product concentrations to, respectively, decrease and increase with time.

In contrast, a steady state process does not result in any change in system properties with
time. The reason is that any decrease in a property gets instantaneously offset by an equal
increase in the same.

A simple example of a steady state process is the filling of a tank with a non-volatile liquid,
and its simultaneous drainage from the tank at the same flow rate as that of filling. Here, the
system and the property of interest are, respectively, the liquid and its volume inside the tank.
Due to equal inflow and outflow rates, the volume does not change with time.

Another example of a steady state process is a chemical reaction that continues after a
transient period in a constant volume stirred tank reactor with constant flow rates of incoming
reactants, and the outgoing mixture of residual reactants and products. In this process, the
species concentrations, and the volume of the reaction mixture inside the tank do not change
with time.

Steady State versus Equilibrium

It may be noted that the time derivatives of all properties are zero in a system under the
influence of a steady state process. That is also true for a system at equilibrium. But there is
a subtle difference. A system at equilibrium does not sustain any process since the gradients
(i.e., spatial derivatives) of all potentials in the system have decayed to zero. For this reason,
the properties in such a system do not have any propensity to change. However, the properties
in a system under a steady state process undergo simultaneous increments and decrements in
such a way that the net change in each property is zero. In other words, the properties end
up being time-invariant. If a steady state process is stopped then the properties of the system
would begin to change with time until the system eventually arrived at equilibrium.
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1.2.2 Process Model

A process model is a set of equations or relations involving properties of the system under
the influence of a process. The properties represent observable occurrences or phenomena
classifiable into the categories of (i) initiating events, (ii) specifications, and (iii) effects.
Thus, a process model is a scheme according to which a process with given specifications
and initiating events would generate effects in the system.

Figure 1.2 below shows the concept of the model as a triangle, each side of which
represents the relations between the two ends or vertices denoting the categories. If we
know these relations, i.e., the process model, we can use it to unravel one or more unknown
phenomena when the remaining ones are known. And we can do this without having to
execute the process in the real world. Of course, the better the process model the better is
our ability to explain the involved phenomena.

initiating events

relations

specifications effects

Figure 1.2 Concept of a process model

In particular, we can predict the effects of a process based on its model, and the knowledge
of initiating events, and specifications. As a matter of fact, we can predict the effects for
different initiating events, and specifications. Doing that enables us to isolate desirable
effects, and the related initiating events, and specifications. We can then apply the latter two
in the real world to achieve the desirable effects from the process. This exercise basically is
process optimization and control.

Referring to Figure 1.1 on p.1, if we know the model of the process taking place
in the reaction mixture (system) then we can predict the species concentrations (effects)
corresponding to different initial concentrations of A and B (initiating events), and reaction
temperatures (specifications). From the predictions over a given time of reactor operation,
we can pick out a desirable effect, say, the maximum concentration of C, and the related
(optimal) set of initial concentrations, and reaction temperature. Based on this exercise, we
can then expect to achieve the maximum concentration of C in the real world by feeding
the reactor with A and B such that the mixture has the optimal initial concentrations, and is
maintained at the optimal temperature for the given operation time.

In general, using a process model we can predict initiating events, specifications, or effects
in the system. The prediction requires the following courses of action:
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1. Process modeling — the development of a process model, and

2. Process simulation — the solution or simulation of the model, which mimics the process
as it would unfold in the real world.

Types of Process Models

Process models can be categorized based on the process being represented. Thus, a steady
state model represents a steady state process, and has no time derivatives. An unsteady state
model represents a unsteady process, and involves one or more time derivatives.

Based on the nature of system properties, a process model may be a lumped-parameter
model, or distributed-parameter model. The former involves uniform properties while the
latter has at least one property that varies with space.

Based on the type of equations involved, process models are also classified into algebraic,
differential, or differential-algebraic models. Moreover, if all involved equations are linear
then the process model is called linear. Otherwise, the model is called non-linear.

1.3 Process Modeling

Process modeling is essentially an exercise that involves relating together the properties of a
system influenced by a process. Represented as mathematical symbols, the properties are
associated with each other using relevant relations under one or more assumptions. The
outcome is a set of mathematical equations, which is a process model. The system properties —
and through them, the initiating events, specifications and effects of the process — are expected
to abide by the model thus developed. The model is therefore said to represent or describe the
process.

As an example, consider the reaction process in the reactor shown in Figure 1.1 on p. 1.
The involved properties are the concentrations of A, B and C, which can be represented as
ca, cg and cc, respectively, with initial values ca, cg and ¢c = 0. If we assume that during
the process the reaction mixture

1. is well-mixed,
2. has constant volume, and

3. is at constant temperature

then based on certain relations, the concentrations can be associated with each other at any
time ¢ through the following equations:

de; .

Tl‘; = ¢i(0)=¢; i=AB (1.1)
de

d—tc =7 cc(0)=0 (1.2)

E
where r = Icwexp(——)cj_’gclb3 (1.3)
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where (i) r, ko, E' and T are, respectively, the rate, frequency factor, activation energy, and
temperature of the reaction, (ii) a and b are reaction-specific parameters, and (iii) R is the
universal gas constant.

The above set of equations is the model of the reaction process taking place in the reactor.
This model relates the initiating events, specifications and effects of the process with each
other [see Figure 1.2, p. 5]. The initiating events are represented by the initial concentrations,
Ca, € and ¢c. The specifications are the values of a, b, kg, E, R and T'. Finally, the process
effects at any time ¢, are represented by the concentrations c (t), cg(t) and cc(t). Changes
in these properties, or, equivalently, the phenomena they represent, are expected to be in
accordance with the model. Thus, for a given set of initiating events, and specifications, we
expect to find the process effects from the model.

1.3.1 Relations

Relations are the ground rules that are used in process modeling to interlink the properties of
a system under the influence of a process. These rules comprise fundamental relations based
on scientific laws, and constitutive relations. The rules manifest as equations that constitute
process models.

A scientific law is a statement that is generally accepted to be true about one or more
phenomena on the basis of repeated experiments and observations. A common example is
the law of conservation of mass. This law states that if a system does not exchange mass, or
energy (a form of mass) with the surroundings then the mass of the system stays the same, or
is conserved. By applying this law to an individual species, and accounting for its generation,
or consumption in a system, we derive a fundamental relation called the mass balance of
species.

A constitutive relation on the other hand is a rule that is true for systems with a specific
makeup or constitution. An example is Newton’s law of viscosity, which relates shear stress
to strain for a system that is a Newtonian fluid.

In the model given by Equations (1.1)-(1.3) on the previous page, the last equation is a
constitutive relation. It is valid for the specific reaction mixture of species A, B and C. The
two differential equations are the mass balances of the species.

1.3.2 Assumptions

Assumptions of a process model are the necessary conditions that must be satisfied during the
execution of the process in order for it to be represented by the model. In equivalent terms, if
any assumption of a model is not satisfied during the execution of the process then the latter
is not represented by the model.

For example, the assumptions of the model given by Equations (1.1)—(1.3) are perfect
mixing, and constant volume as well as temperature. If any of these assumptions is not
satisfied during the reaction process then it would become different from the process
‘assumed’ by the model, and would not be represented by the model. For instance, if mixing
is not sufficiently close to perfect then there would be spatial changes in the concentrations
of species, and temperature. Consequently, the reaction process would get dominated by
diffusion, convection of species, and heat transfer, which are not accounted for by the model.
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The above example shows that the assumption of perfect mixing excludes from the model
the sub-processes of diffusion, convection and heat transfer in the reaction mixture. In
general, an assumption implies the exclusion of one or more sub-processes from the model.
Hence, an assumption restricts the model to a specific type of process, and in doing so
simplifies the model. Note that the assumption of perfect mixing of the reaction mixture
markedly simplifies the model by obviating the need for the diffusive fluxes of the species,
and partial differential equations of momentum and heat transfer. Because of this assumption,
the concentrations of species, and temperature can be considered uniform throughout the
reaction mixture.

Making an assumption is justifiable under one or more of the following circumstances:

1. It is realistic to satisfy the assumption during the execution of the process.

2. Any sub-process excluded by the assumption has negligible influence on the overall
process.

3. Without the assumption, any sub-process that should be included in the model can
increase its complexity unnecessarily.

Thus, the assumption of perfect mixing can be justified for the reaction process utilizing a
good agitator that sufficiently homogenizes the reaction mixture so that the sub-processes
of diffusion, convection and heat transfer can be excluded from the model. Dropping the
assumption would make the model very complex. Instead it is far more practical to retain the
assumption, and satisfy it by having a good agitator for the reaction process.

Remarks

An assumption limits the scope of a model by making it ignore certain sub-processes or
details. Therefore, it follows that the fewer the assumptions the more detailed the model.
A model with no assumptions would be the most comprehensive, or perfect model with no
limitations whatsoever. This of course is not possible.

As a consequence, no model can be derived without an assumption. It may be noted that
some assumptions are implied, and not mentioned explicitly. For example, the model for the
reaction process given by Equations (1.1)—(1.3) on p. 6 is based on the assumption that there
is no intermediate reaction, or product.

1.3.3 Variables and Parameters

A variable is any property that could vary with time during the execution of a process in
a system. On the other hand, a parameter is a property that is fixed or specified. For the
reaction process modeled by Equations (1.1)—(1.3), variables are species concentrations, and
parameters are the initial concentrations, and process specifications. From the standpoint of
a process model, any symbol whose value is not fixed or specified denotes a variable. The
remaining symbols represent parameters.

Note that for a system that is not isolated, a variable, or parameter may be a property of
mass and (or) energy exchanged with the surroundings.
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1.4 Process Simulation

As the name suggests, process simulation is the imitation of a real-world process. The
imitation is carried out by actors, which are symbols that represent system properties. They
play their roles, and express the effects according to a script, i.e., the process model. In direct
terms, process simulation means solving the equations of a process model to find the values
of the system properties that are unknown. These values tell us about the effects of a process.

Consider the process model given by Equations (1.1)—(1.3) on p. 6. Table 1.1 below lists the
initiating events, and specifications as parameters, which are used for simulating the model
for the given operation time ;.

Table 1.1 Simulation parameters for the process model given by Equations (1.1)—

(1.3)
parameter value parameter  value
a 1/2 b 1/3
CA, CB 5 kgm*g’ E/R 500 K
Cc 0kgm™3 T 303.15 K
ko 4 kg'/6 m~Y2min~! te 10 min

The simulation results, i.e., the process effects are illustrated in Figure 1.3 on the next page
with the help of a graph — a common visualization tool for such a purpose. Here, the graph
shows how the concentration of species would change with time if the process were executed
in reality with the specified parameters.

Depending on a process, simulations results can be shown using bar charts, graphs, images
and animations with increasing level of visualization as needed.

1.4.1 Utility

The utility of process simulation lies in its ability to predict process effects. During the initial
stage of model development, process simulation helps in improving the process model. The
basis for improvement is the criterion that the better the model the closer the simulation (or
predicted effects) to the actual process carried out in the real world (or experimental effects).
Thus, if the predicted and experimental effects do not agree to a desired extent then we revise
the model to achieve a better agreement.

Once the model of a process is sufficiently improved, process simulation is utilized to
predict process effects under different circumstances, and develop the process as desired. For
instance, if we want a certain effect from a process then we could narrow down predictions to
obtain an appropriate (or optimal) set of initiating events, and specifications from process
simulation. This of course requires process simulation to be done for different initiating
events, and specifications of the process. Note that the process does not need to be executed in
the real world except in the end to verify whether the optimal set leads to the desired effect.
Without process simulation, we would need to carry out the process repeatedly in the real
world right from the beginning, and spend time as well as resources to determine the optimal
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cc

3 ———————ca,cB

CA, CB, CC

t (min)

Figure 1.3 Simulation of the process model given by Equations (1.1)—(1.3), for the parameters of
Table 1.1 on the previous page

set. Thus, process simulation helps obviate, or reduce initial experimentation. This is very
advantageous, especially for those processes that are expensive, time consuming, or difficult
to implement.

1.4.2 Simulation Methods

Simulation methods determine the process unknowns by solving mathematical equations,
which constitute process models. The methods are of two types, analytical and numerical.
Analytical methods determine the unknowns explicitly as analytical functions [see
Section 8.3, p.295] in terms of process parameters and variables. These methods involve
straightforward manipulation of algebraic equations, analytical differentiation, and analytical
integration to extricate the unknowns as analytical functions.

However, only simple process models are amenable to analytical methods. Most process
models are sophisticated, and can only be solved by numerical methods. These methods
determine the process unknowns directly in terms of numerical values. To that end, these
methods approximate the mathematical expressions in process models as finite Taylor
expansions [see Section 8.8, p.322], and require iterative calculations. A desired accuracy
of the numerical results is realized by selecting sufficiently small step sizes, and adequate
number of terms in the expansions. In general, we can solve any process model using
numerical methods with certain accuracy of results.

Consider for example, the process model given by Equations (1.1)—(1.3) on p.6. The
unknowns of the model are the concentrations of A, B and C at each time instant during
the process, and are given by

Ci(t), 0<t<t, 1=A,B,C
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An analytical method would solve the equations, and provide analytical expressions or
functions for the concentrations in terms of process parameters, and time. From the functions,
we could then obtain the numerical values of species concentrations at any time. On the other
hand, a numerical method would solve the equations, and directly deliver the numerical values
of the concentrations at desired time instants.

1.5 Development of Process Model

The benchmark for the development of a process model is the agreement between process
simulation, and the process in the real world. At the beginning, a process model is simulated
to obtain the values of process variables that were previously unknown. These variables
relate to the process effects. If they are dependent upon time and space then the variable
values at different time instants, and spatial coordinates are obtained. Next, an experiment is
performed by carrying out the process in the real world with the same parameters as used in
the simulation. The unknown variables are determined from this experiment, and compared to
those obtained earlier from the simulation. If the discrepancy between the experimental and
simulated values of unknown variables is not as small as desired then it means that additional
details or sub-processes need to be incorporated in the process model.

Since assumptions imply a lack of sub-processes, the aforementioned discrepancy
specifically means that some assumptions of the process do not hold when it is carried out
in reality. Such an assumption can sometimes be identified directly from the experiment.
Otherwise, we need to identify an assumption that could be preventing an important sub-
process from being included in the process model. This assumption is therefore made
less restrictive, or simply eliminated from the process model. The corresponding sub-
processes that were ignored earlier are incorporated in the process model. This is achieved
by modifying the mathematical equations, and (or) including additional ones in the process
model. Incorporation of new sub-processes necessitates the inclusion of associated, new
assumptions. The resultant model is more rigorous and complex than the previous one.

Next, the process model thus enhanced is simulated to obtain the values of the unknown
variables. The values should be closer to their experimental counterparts than they were
before. In particular, we expect the discrepancy between the simulation and the experiment to
reduce to a desired level. If that does not happen then another assumption is either moderated,
or eliminated to further enhance the process model. The simulation of this further enhanced
model is expected to bring down the discrepancy further. Elimination of another assumption,
resultant model enhancement, and comparison between the simulation and experiment may
be required until the discrepancy is as small as desired. This cycle of model development is
shown in Figure 1.4 on the next page.

As an example, consider the model given by Equations (1.1)—(1.3) on p. 6 describing the
reaction process shown in Figure 1.1 on p. 1. Suppose that there is some discrepancy between
the simulated and experimental species concentrations. This discrepancy could be due to the
fact that the constant volume assumption does not hold during the experiment, i.e., when the
process is carried out in the real world. Note that this assumption implies that there is neither
any volume change of mixing of the species nor any loss of any species to the vapor phase
due to entrainment, or volatilization. In the first model development cycle, this assumption
may be moderated by limiting it to no volume change of mixing only. Next, the model may
be revised by including the sub-process of the loss of species to the vapor phase. This step
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develop a simulate the process
process model by solving the model

set process

start

parameters
set appropriate experiment by find discrepancy between
assumptions executing the simulation and
for the model the process the experiment

eliminate or moderate
a model assumption |

discrepancy small

Figure 1.4 The cycle of model development

modifies Equations (1.1) and (1.2) to

de; 3 .
d_ct = —r — kia(ci - Ci) 5 Cz(o) = Ci,O; — A,B
—_—
loss to vapor phase
d
dCtC = r —kcalecc—éc), cc(0)=0

loss to vapor phase

by including the loss of species to the vapor phase. In the modified equations, a is the surface
area of the reaction mixture exposed to the vapor phase per unit mixture volume, k; is the
mass transfer coefficient of the it species (A, B, or C) for its transfer from the reaction
mixture to the vapor phase, and ¢; is the vapor phase concentration of the species. This
concentration is assumed to be constant for each species, implying thereby a steady flow of air
across the top of the reaction mixture. Observe that this is a new assumption for the process
model being enhanced in this model development cycle. The simulation of the revised model
is expected to yield species concentrations that are closer to the experimental counterparts
than they were before.

Remarks

It may be noted that when eliminating, or moderating an existing assumption, one or more
new assumptions arise for each sub-process that gets included to enhance the process model.



1. Introduction 13

Therefore, the set of model assumptions can never be null, no matter how many times the
cycle of model development is continued, i.e., how much the model is enhanced.

Since an assumption implies one or more ignored sub-processes, there would always
be some discrepancy, however small, between the simulation of a process model, and the
experiment. It is up to us to decide a tolerable level of that discrepancy, and develop a process
model accordingly.

1.6 Learning about Process

Besides predicting the effects of a process by simulating its model, we can learn about
the process itself by utilizing the model. Recall from Figure 1.2 on p.5 that a process
model relates the phenomena grouped into certain initiating events, specifications and effects.
Suppose that a process model is adequate to simulate the effects from the knowledge of the
initiating effects, and specifications. We can then determine any unknown specifications on
the basis of certain initiating events, and process effects, which are known from the real-world
execution of the process, i.e., the experiment.

As an example, consider the model given by Equations (1.1)—(1.3) on p. 6 for the reaction
process of Figure 1.1 on p.1. Given the initiating events, and specifications, the model
can simulate the process effects, e.g., the change in species concentrations with time. Now
suppose that we do not know the frequency factor ky for the reaction process. Based on the
model of the process, and the experiment, we can determine kg by

1. obtaining the species concentrations at different instants from the experiment, and

2. simulating the model with different trial values of kg until the predicted species
concentrations are sufficiently close to the experimental concentration values.

The value of kg is determined when the last step is completed. This step is usually carried out
using sophisticated optimization methods.

Note that unlike simulation, the above procedure solves an inverse problem of finding the
unknowns of the given process model from experimental effects, or data. We can use this
procedure to enhance our knowledge of the process. This is done by proposing different trial
mathematical expressions that relate to the process, and finding the unknown specifications
with the help of experimental data. A trial expression would try to capture more insights
and details about the process. If a trial expression results in a better agreement between the
predicted and experimental effects then it reflects an enhanced understanding of the process.

For the aforementioned example, if the agreement is better with the trial reaction rate
expression

E
ko exp (ﬁ) cich
(k1 +cR)

/A—

where k; and ¢ are two new unknowns that are determined then we could infer that a
different reaction mechanism, and kinetics are in operation. Thus, this result would enhance
our understanding of the reaction process.

Having covered the foundational aspects of process modeling and simulation, we now
elucidate how a system is specified for process modeling.
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1.7 System Specification

Specification of the right system is very important when modeling a process. From this
standpoint, a system is the house of elements whose properties change with time under the
action of a process. When interrelating the properties in a process model, it is a prerequisite
that each intensive property be unique, i.e., uniform throughout the system at any time.
Otherwise, say, if the temperature (intensive property) of a reaction mixture (system) in
Figure 1.1 on p. 1 varies from 90°C at the center to 70°C at the periphery then there is no
unique temperature as an intensive system property to begin with. In such a situation, the
system must be specified in such a way that it is uniform at all times.

The above requirement is inherently satisfied for uniform and lumped-parameter systems,
which involve uniform intensive properties per se. However, this is not the case for
distributed-parameter systems. To model a process in such a system, the approach is to

1. split the system into sub-systems that are so small that all intensive properties within
each sub-system are unique, i.e., uniform at any time, and

2. model the process for each sub-system thus determined.

A sub-system determined as above is called a differential system, or, simply, a differential
element. Its thickness along each spatial direction of property variation is sufficiently small
to house uniform properties. The thickness tends to zero (but is not zero), and as it does,
the number of differential elements tends to infinity. With contiguous differential elements
of identical shapes, we model the process on a single representative differential element, and
extend the model to cover the entire system. In what follows, we explain the determination
of differential elements by using examples based on the reaction mixture system shown in
Figure 1.1.

As the first example, consider the reaction mixture system under the action of a process
such that the species concentrations vary only along the vertical z-direction. For this system,
Figure 1.5 below shows (rather exaggerated) the differential element, which is a circular disk
of thickness Az conceived to be so small that the species concentrations in it are uniform
along the z-direction. Put differently, there is no concentration variation in the disk so that

reactor

differential element

Figure 1.5 The differential element when a property changes vertically

there is only one representative concentration for each species therein. An infinite number
of these disks fit along the z-direction starting from the bottom of the reaction mixture to
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its top surface. However, for process modeling, we only need to consider the representative
differential element as shown in the figure, and two similar differential elements touching,
respectively, the bottom and the top of the reaction mixture.

For the second example, consider the reaction mixture system influenced by a process,
which causes the species concentrations to vary only along the radial r-direction. For this
system, Figure 1.6 below shows the differential element, which is an annulus of thickness
Ar conceived to be so small that the species concentrations in it are uniform along the 7-
direction. Thus, there are no concentration variations in the annulus so that there only one

reactor

differential element

Figure 1.6 The differential element when a property changes radially

representative concentration for each species therein. An infinite number of these annuli fit
along the r-direction starting from the center of the reaction mixture to its periphery. But
we only need to model the process for the representative differential element as shown in
the figure, and two similar elements touching, respectively, the center and periphery of the
reaction mixture.

For the third example, consider the reaction mixture system under the influence of a
process, which causes the species concentrations to vary along the vertical as well as radial
direction. For this system, Figure 1.7a on the next page shows the differential element, which
is a thin annulus of thicknesses Az and Ar along the two directions, respectively. These
thicknesses are conceived to be so small that the species concentrations in the differential
element are uniform along each direction. To model the process, we need to consider this
representative differential element, i.e., a thin annulus, and similar elements touching the
system boundaries along the z- and r-directions.

In the final example, consider the reaction mixture system under the influence of a process,
which causes the species concentrations to vary along the vertical, radial and 6-directions. For
this system, Figure 1.7b on the next page shows the differential element, which resembles
a horseshoe of thicknesses Az, Ar and Af along the three directions, respectively. These
thicknesses are conceived to be so small that the species concentrations in the differential
element are uniform along each direction. To model the process, we need to consider this
representative differential element, and similar elements that touch the system boundaries
along each direction except the circular f-direction.

To recapitulate, before modeling a process involving a distributed-parameter system, which
has spatial changes in intensive properties, we need to determine a relevant sub-system. Its
thickness along each direction of property variation should be small enough to render the
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Figure 1.7 The differential element when a property changes (a) along the depth 2, and the radius r,
and (b) along z, r and the angle 6

resultant differential element uniform with respect to the properties. Only then can we relate
them together in mathematical equations. These when derived for each differential element
of the system constitute the process model.
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Exercises
1.1 What combination of properties results in an intensive property?

1.2 In the model given by Equations (1.1)—(1.3) on p. 6, what sub-processes get excluded
because of assumptions of constant volume and temperature of the reaction mixture?

1.3 What is the assumption that is common to any process model?

1.4 What would be a perfect model for a process? Justify whether or not such a model could
be obtained?

1.5 Describe the differential elements needed to capture all possible spatial property
variations in spherical coordinates.
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Fundamental Relations

In this chapter, we present fundamental relations, which govern the transport of mass,
momentum and energy. These relations are derived as differential equations, which describe
changes in the involved properties with time and space. Process models rely profoundly on
these relations for accurate simulations.

Fundamental relations make the continuum assumption, i.e., assume that systems are
continuous. A continuous system is divisible into an infinite number of sub-systems such that
the adjacent ones are almost the same while those separated by finite distances are different.
In other words, there is a gradual transition from one point to another in the system without
any abrupt change. Thus, system properties are assumed to be continuous functions of space.

Typically though, systems comprise matter, and are not continuous because of the presence
of discrete molecules with vacant spaces between them. Nevertheless, fundamental relations
are still applicable in many practical situations, and provide accurate results. The reason
is that the volume of vacant spaces is significantly smaller than that of the involved
system. Specifically, Knudsen number, i.e., the ratio of mean free path in the system to its
characteristic length, is considerably smaller than unity.

2.1 Basic Form

A basic form of fundamental relations is a differential equation describing the change in an
entity inside a system with time. This form is also known as a balance equation for an entity.
Consider an entity € in the system shown in Figure 2.1 on the next page. This entity

1. enters and exits the system via its boundary surfaces as, respectively, €;, and €y,
2. enters otherwise as €qy, and

3. is generated within the system as €gey.

Then between any two time instants, ¢; and to > ¢1, the change in € in the system is given by

e(t2) —e(t1) = [en(t2) —en(t1)]  —  [eou(t2) — cou(t1)]
€ that entered via the boundary € that exited via the boundary
surface of the system surface of the system

+ [€ext(t2) - 6ext(tl)] + [Egen(t2) - 6gen(tl)]

€ induced from external sources € generated in the system

In the above equation, €;, and €, represent the e that must contact the boundary surface of
the system in order to enter and exit, respectively. For example, €;, could be (i) the energy
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€ext (t)

€n(t) — Gen(t) — eou(t)

system

Figure 2.1 A system with different contributions to an entity € at time ¢

of the mass that crosses the boundary surface to enter the system, or (ii) the momentum that
enters the system due to shear stress acting on the boundary surface.

As opposed to €, and €qy, the term €5 accounts for an external contribution to e that does
not involve any contact with the boundary surface. An example is the contribution from the
gravitational field to the momentum of a system. Finally, the term €,, stands for the entity
€ generated in the system, e.g., mass of a species produced in a chemical reaction. If € is
consumed in the system then eg, is negative. This generation term is zero for entities that are
conserved such as the total mass, total energy, and momentum.

Let At be the time duration, (t2 — ¢1). Then for sufficiently small At during which the
rates of change of €, €our, €gen and €cx With time ¢, — respectively, €, €outs €gen and ey — are
constant, we can express the equation on the previous page as

€ty + At) —€(t1) = Gt — oAt + €extAt + égenAt

Applying the first order Taylor expansion of €(¢; + At) in the limit of At tending to zero
[see Section 8.8.2, p. 323], we obtain after simplification

de . . . .
€in — €out T €ext T €gen
d |,

Since t; is arbitrary, we can write the above result as

% 6.in - 6.out + 6.ext + 6'gen (21)
dt

for any time instant. The above equation is a general unsteady state balance, which is
applicable to any system entity. It could be scalar, or vector. The equation states that at any
time, the rate of change of an entity in a system is the algebraic summation of different rates
at which contributions to the entity are made.
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2.1.1 Application

Equation (2.1) on the previous page is an ordinary differential equation. It is commonly used
in conjunction with an initial condition, €(t = 0) = ¢y, to determine the temporal change in
entity € of a system under the influence of a process. The application is straightforward if
the intensive properties of the system either stay uniform, i.e., are space-independent, or are
averaged over space. Figure 2.2a below shows such a system in Cartesian coordinates.

>
>

(a) (b)

Figure 2.2 Schematic of (a) uniform system, and (b) non-uniform system (along the z-direction) in
Cartesian coordinates

Distributed-Parameter Systems

In these systems, Equation (2.1) is applied to suitable differential elements [see Section 1.7,
p. 14]. In Cartesian coordinates for instance, if intensive properties in such a system change
along the z-direction then the system is divided into differential elements along that direction,
as shown in Figure 2.2b above. The thickness of each element, Az, is considered so small
that the properties within an element are uniform.

If intensive properties in the system also change similarly along another direction, say,
the z-direction, then each existing differential element is sub-divided along that direction, as
shown in Figure 2.3a on the next page. The thickness Az of each resultant differential element
is considered small enough to ensure the uniformity of the properties within. Likewise,
if intensive properties change also along the remaining y-direction then each existing
differential element is further sub-divided along that direction, as shown in Figure 2.3b on
the next page. The new thickness Ay of each resultant differential element is taken to be
small enough to ensure the uniformity of the properties.

After sub-dividing the system in the above manner depending on the directions of property
changes, Equation (2.1) is applied to a representative differential element. The equations of
all differential elements can then be pieced together, or integrated over the entire system to
simulate the process. For simplicity, we will consider rectangular or Cartesian coordinate
system in this chapter.
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Figure 2.3 Differential elements for property changes along (a) the z- and z-directions, and (b) all
directions

Steady State Balance
Under steady state condition, the time derivatives of all system properties are zero so that
Equation (2.1) on p. 18 becomes
éin - éout + éexl + égen =0
Multiplying the above equation by a time duration, say, At, we obtain
€in — €out T €ext T €gen = 0

which is the steady state balance in terms of various contributions made to an entity € of a
system.

Generalization

Equation (2.1) can be generalized for multiple ports of entry as well as exit of an entity, and
multiple sources of external contribution, and internal generation. Let the rates of € entering
and exiting a system through the j™ entry and exit ports be €, j and éqy,j, respectively. Then
the rate of loss of € from the system through Ny, entry and N, exit ports is

Noul Nin
Al = ) o — Y éiny 2.2)
j=1 j=1

Also, let the rates of external contribution, and internal generation of € from their respective
5% sources (numbering Nex and Ngep) be €exr,j and €gep ;, respectively. The rates are positive
or negative depending on whether they increase or decrease the € in the system. With this

arrangement, Equation (2.1) can be written in the following general form:

Nex Neen
de . . .
i = A s D ey (2.3)

Jj=1 Jj=1
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2.2 Mass Balance

Applying Equation (2.3) on the previous page to the entity that is the mass m; of the i
species in a system, we obtain the individual mass balance,

N,

dmi . - . ..

G = NG +;mgen,z] (2.4)
- V”"gemlj

where V' is the system volume, and N, is the number of chemical reactions with 7, ;; as the
rate of generation per unit volume of the mass of the i species in the j™ reaction. The rate of
generation is positive (negative) if the species is produced (consumed) in the reaction. Note
that there is no external contribution to m,;. Summing the above equation for all N, chemical
species yields the balance for the total mass m of a system, i.e.,

d N, N, Ne. N; Ne
E m; = —ZA[mZ} “!‘szrgen’ij = —A{Zmz :|
i=1 i=1 =1 j=1 i:l.
m =0 m

where 7i2; and 17 are the mass flow rates of, respectively, the i'" species and all species through
a port. The generation term in the above equation is zero since the total mass of a system is
conserved. Thus, the overall mass balance of a system is

dm

i = N 2.5)

2.2.1 Microscopic Balances

These balances pertain to distributed-parameter systems. For such a system, let p; and v;
be, respectively, the mass density and average velocity of the molecules of the i" species in
the differential element, as shown in Figure 2.4 on the next page. This element is a cuboid
of fixed volume with dimensions Az, Axy and Az, along the x1-, x2- and z3-directions,
respectively. For the i species in this element,

1. the mass is p; AV where AV = AxyAxoAxs,
2. the mass flux of along the j™ direction is p;v;;,

3. the mass flow rates in and out of the system along the j direction are, respectively,
[pivijAA; ]z, and [pvi; AA |, + Az, Where AA; = Az Axy, (5, k,1 € {1,2,3} and
J#k#1),and

4. the rate of generation per unit volume in a j th reaction (of total N, reactions) is Tgen,ij-

With these considerations, the application of Equation (2.1) on p. 18 for the mass of the i
species in the above element yields

W — Avaaii _ 23;{ [PwijAAjLJ - [pivijAAij_‘_ij} + %rgen,ijAV

Jj= Jj=1
(2.6)
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AA;
xr3 + AZL’g """ < AA = ALL’QALC;’,
T3 N
T3 o
2 ;1 To + ASUQ

1 + Azxy T
z1

Figure 2.4 A differential element of fixed volume in Cartesian coordinates. v;; is the component of
v; (average molecular velocity of the ™ species) along the z:; -direction

In the limit of Ax; tending to zero at any time ¢,

d(pivijAA;) A

J

Tj+Ax;
from the first order Taylor expansion. Since AA; is independent of x;, the above expansion
leads to

d(pivij)
AA-[ ] - AA.[ } P0iG) A A Az
i | Pivis Tj+Ax; i |Pivis Tj + 8a:j ‘J,_/xj
AV
where AV is the volume of the differential element. Substitution of the above result into
Equation (2.6) on the previous page, and simplification yields the individual microscopic
mass balance,

N,
8p p Vi 3
i Z 8;;] + ]Zl Teen,ij = -V pPiVi + ]; Tgen,ij (27)
ﬁf—’ f;
=V-piv;

where f; is the mass flux of the i species. The shorthand V - z, which is called the divergence
of vector z, is the sum of partial derivatives of components of z with respect to collinear
Cartesian coordinates.

Summing the above equation for all N, species, we obtain

5 , XN N, N, N
ot ( Z pi ) = -V Z pivi + Z Z Tgen,ij
i=1 i=1 =1 j=1
p =¢ T

In the above equation,
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1. pis the mass density of the mixture of the IV, species,

2. f is the total mass flux defined as pv implying v to be the mass average velocity given

by
1 N. N.
v = _Zpivi = Zinz’
P i=1

where w; = p;/p is the mass fraction of the i species, and
3. the last term is zero since the total mass of a system is conserved.

With these considerations, we obtain the overall microscopic mass balance

op
o = Vo 2.8)

which is also known as the equation of continuity.

2.2.2 Equation of Change for Mass Fraction

To obtain this equation, we express the mass flux of the i species as

fi = pi(v+Vvi—V) = piv+piVie (2.9)
- e W N, e’
PiVi Vrel, i ji

where j; is the relative mass flux of the 5™ species arising from its velocity vy ; (which is
relative to v), and p;Vv is the bulk flux due to v. Since p; = w;p, the above equation can also
be expressed as

fi = wipv +ji = wif +j; (2.10)
£

where w; is the mass fraction of the i species, p is the mass concentration of the fluid
mixture, or its density, and f is the overall or bulk flux of the mixture. The above equation
shows that the mass flux of a species is the sum of the contribution from bulk flux, and relative
flux.

Substituting Equation (2.9) above in Equation (2.7) on the previous page, we obtain for the
i™ species,

Opi s
8; = —V-piv—V-j+ Z Tgen,ij
j=1
Upon expressing p; as w;p, and expanding the time derivative, the above equation becomes
N,
(%Ji 8[) . -
p % —wia —V'wipV—V‘Ji+j;rgen,ij (2.11)

Utilizing Equation (2.8) above as well as the identity [see Equation (8.10), p. 317]
V- wipv = w;V-pv+pv:Vw,
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where Vw; is the gradient, i.e., the vector given by [awi /01 Ow; [0z Ow;/ &rg] T
Equation (2.11) on the previous page can be written as

Ow; 1 N
8tl = —v-Vuw; —;(V “Ji — ZTgen,ij>

Jj=1

>

which is the equation of change for the mass fraction of the i species. The above equation
can be written in terms of substantial derivative [see Section 8.7.4, p. 321] as

Dw; 1 N
= = _;<V.Ji_;rgen,”> (2.12)

where the left-hand side stands for (Ow; /0t + v - Vw,).

2.3 Mole Balance

It is convenient in reactive systems to have mass balances in terms of mole numbers of the
involved species. To obtain this, we express m; in Equation (2.4) on p.21 as the molecular
weight multiplied (M) by the mole numbers (IV;, Nin,i5, Nout,i5> OF Ngen,i5), and obtain

dOLN,) A{d(MiNn} 3 AN )

dt dt dt

j=1
Since M; is constant, it drops out from the above equation, and we get the individual mole
balance,

= —A[Nl} + Vgr:Rgmj 2.13)

j=1

dN;
dt

where Rgen,i; is the molar rate of generation of the i™ species per unit volume (V) of the
system.

2.3.1 Microscopic Balances

The derivation here is analogous to that for the microscopic mass balances [see Section 2.2.1,
p-21]. For the differential element shown in Figure 2.4 on p.22, let ¢; be the molar
concentration of the i species with Ry, ;; as the molar rate of generation per unit volume.
Then in that element, the number of moles of the species is ¢;AV. Along the x;-direction,
the molar flux is ¢;v;;, and the molar flow rates in and out of the differential element are
[civijAAj],; and [c;vij A Az, 4 Az, respectively. The application of Equation (2.1) on p. 18
for the number of moles of the i species, and subsequent simplification using the first order
Taylor expansion leads to the individual microscopic mole balance

dc; 3 A (civiz) i N
° - ? /L] . . - _— . . . ..
E = - ; W + ; Rgen,zj = V.-c¢v + ; Rgen,z] (2.14)
= = F, =
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where F; is the molar flux of the i" species. Summing the last equation for all N, species
yields

9 N, N, Ne N
E( Zci ) = -V Zcivi + ZZRgen,ij’
i—1 i—1 i=1 j—1
c =F

In the above equation,

1. cis the molar concentration of the mixture of the N, species,

2. F is the total molar flux defined as cv, implying v to be the molar average velocity
given by

1 NC NC
v = Eg CiVi = E Yivi
i=1 i=1

where y; = ¢;/cis the mole fraction of the i species, and

3. the last term is not necessarily zero since the number of moles of species may change
in chemical reactions.

With these considerations, we obtain the overall microscopic mole balance

Oc Yo,
% = —V.cv+ ; ; Rien,ij (2.15)

2.3.2 Equation of Change for Mole Fraction

We proceed similar to the derivation for the equation for mass fraction, and express the molar
flux of the i™ species as

F, = ¢ (\N’ + v, — {7) = ¢V —+ Ci{’rel,i (2.16)
N %/—/ \ /
CiV; Vrel,i J;

where J; and ¢; v are the relative and bulk molar fluxes, respectively. The above equation can
also be expressed as

Fi = yev+d = yF+J;
F

where y; is the mole fraction of the gt species, c is the molar concentration of the fluid

mixture, and F is the overall molar flux of the mixture, or the bulk molar flux. The molar flux
of a species, like its mass flux, is the sum of the contribution from bulk flux, and relative flux.

Substituting Equation (2.16) above in Equation (2.14) on the previous page for the i
species, we obtain

N,
-V Ci{’ -V Jz + Z Rgen,ij

Jj=1

0 C;
ot
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In the last equation, we express c; as y;c and utilize Equation (2.15) on the previous page as
well as the identity, V - y;cv = y;V - ev + ¢v - Vy;, [see Equation (8.10), p. 317] to obtain

8y4 1 N. N; N;
5 = v Vui- c<v ity ; ; Rgen j — ; Rgen,ij) (2.17)

which is the equation of change for mole fraction of the i species.

2.4 Momentum Balance

This balance involves forces acting on boundary surfaces of a system. These entities are
conceived as pressure and viscous stress, both of which are forces per unit area. Relative to
the surface, while pressure is perpendicular, viscous stress is at an arbitrary angle. Figure 2.5
below shows these forces per unit area (P and 7», respectively) acting on the x;x3-plane*
of a system. While P has only one component (i.e., itself) along the x,-direction, T

Zs3
T23 T
T22
T2
I 1
P

T21

S

T

Figure 2.5 Pressure P and viscous stress 7> acting on the xix3-plane of a system in Cartesian
coordinates

has components 751, 702 and 7o3 along the -, zo- and x3-directions, respectively. For
convenience, we organize these components into a row vector of molecular stress along the
To-direction

wy = [ T21 P+ 799 T23
~— —— ~—

x1-component x2-component x3-component
(m21) (m22) (m23)

*It is an area vector collinear with the zo-direction. This direction is identified by the subscript 2’ in 75.
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Similarly, the molecular stress vectors along the x1- and x3-directions are, respectively,

™ = |:P+7'11 T12 T13 and ™3 = 731 T32 P+7’33 ]
—— — N— ~— SN
11 ™12 ™13 731 ™32 733

Together, the three row vectors above form the molecular stress tensor

™1 11 12 13 P+ T12 T13
T = |me| = |71 22 T3 | = T21 P+ 7o T23
™3 31 32 33 T31 T32 P+ 733

In terms of the unit tensor & [see Equation (8.8), p. 312], the above equation can be written
compactly as

m = 0P+ T (2.18)

Stress as Momentum Flux

From Newton’s second law of motion, force is the rate of change of momentum. Thus each
element of 7r, which is stress, or force per unit area, is in fact the rate of change of momentum
per unit area, or momentum flux due to molecular forces. To derive momentum balance, it is
convenient to combine 7t with the momentum flux due to bulk motion of the material, i.e.,
the convective momentum flux.

2.4.1 Convective Momentum Flux

Consider a material crossing a plane of area A with velocity v, as shown in Figure 2.6 on the
next page. Along the x-direction, the components of A and v are A; and vy, respectively.
Let p be the density of the material. Then in time ¢, the mass of the material that crosses Ay
is pv1 A1t. The convective momentum of this material, written as a row vector, is

P1 = (PU115A1)V—r

The corresponding convective momentum flux is then given by

P1 T
— = puU1V = pPU1V1 PU1V2 pU1V3
tA; —— —— ——
1 -component To-component z3-component

Likewise, the convective momentum fluxes of the material across A and A3 (the components
of A, respectively, along the x5- and x3-directions) are given by, respectively,

pUQVT = |:p’l)2’l}1 PU2V2 p’l)21)3:| and p’UgVT = |:p1)3’l)1 pPU3V2  PU3V3

Together, the three row vectors above form the convective momentum flux tensor written as

T

pUIV V1U1 V1V V1U3
T
pvvV. = pWQVT = Plvav VU2 VU3 | = PVV
T
pU3V V3U1 V3V2 V3VU3

Note that vv in tensor notation implies vv

transpose.

, 1.e., the matrix multiplication of v and its
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z1

Figure 2.6 Velocity v of material across a plane of area A

2.4.2 Total Momentum Flux

The total momentum flux at the surface of a system is the sum of the molecular and convective
momentum fluxes, and is given by

¢ = w+pvv = P+ 71+ pvv
P + 711 + pvrvg T12 + pU1V2 T13 + pU1V3
—_————— —_—— —_——
b11 P12 P13
_ T21 + pU2v1 P+ 722 + pvgvs T23 + pU2v3
—_———— —_— —_—————
P21 P22 P23
T31 + pU3vy T3 + pUsV2 P + 133 + pu3vs3
————
L P31 P32 ¢33 i
(011 12 i3]
e b1
_ (21 22 pa3] = |4, (2.19)
@2
¢31 P32 P33
[ ] o
L b3 i L

Thus, ¢ is a tensor made of three row vectors, ¢1, ¢ and ¢3. The vector ¢1, for example, is
the total momentum flux acting on the xoz3-plane whose area is along the x1-direction. The
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three components of ¢, are: (i) ¢1; along the x;-direction, (ii) ¢12 along the x,-direction,
and (iii) ¢;13 along the z3-direction.

On the other hand, the i™ column of ¢ is the set of total momentum fluxes acting on all
three planes, and along the x;-direction of motion. For example, the first column comprises
¢11, 21 and @31, which

1. act, respectively, on the zox3-, T1x3- and z1z2-planes, and

2. are along the z;-direction.

2.4.3 Macroscopic Balance

This balance pertains to a macroscopic system, which is a uniform system with a number of
ports for the entry and exit of mass, momentum, or energy. The system in this case is of mass
m, and is subject to gravity g as well as a net external force F [see Figure 2.7 below].

port2

: ‘ material out
port1 . /

material in w

mg

material out

Figure 2.7 A macroscopic system with material flowing in and out through a number of ports, and
subject to body forces

Applying Equation (2.3) on p. 20 to the momentum (p) of material in the system, we get

N,
dp ) ext )
& = AR+ ; Djen + M8 (2.20)
N—_——
F

where p; . is the rate of momentum stemming from the 4™ external force (not due to
gravity), F is the sum of such forces, and mg is the external force due to gravity.

Note that there is no generation term, and p stands for the rate of momentum of material
through a port of area A. A component of p, say, p; along the x-direction, is obtained by
summing the rates of momentum along the z;-direction, and across all components (A1, Ao
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and Aj3) of the port area A. These momentum rates are contributed by the components in the
first column of ¢, which is the total momentum flux tensor defined by Equation (2.19) on
p- 28. Figure 2.8 below shows these components (¢11, ¢21 and ¢31) for the port of area A.

Z1

Figure 2.8 Components of ¢ in the x-direction — ¢11, ¢21 and ¢31 — for a port of area A in a
macroscopic system

Thus, we can write

3 3
Pro= Y Ajbp = AP+ Aj(pujor+75)

j=1 j=1

and similar equations for the other two components of p, namely, p, and ps. The equations
can be written together in the tensor notation as [refer Section 8.6.6, p. 310]

p=AP+A (pvww+7T) = AP+ (A-pv)v+ AT

The material is generally considered to flow perpendicularly across a port. Hence, v = vn,
where v is the average velocity, and 1 is the unit vector normal to the port. Thus, A = An,
where A is the magnitude of A. Furthermore, shear stresses at a port are considered to be
insignificant relative to pressure and convective flux. With these simplifications, we can write

p = AAGP + (Af-pvn)vha = (P + pv®)An

Substituting the above equation in Equation (2.20) on the previous page, we finally obtain
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dp

5 = AP+ pv")AR] +F +meg (2.21)

which is the macroscopic momentum balance.

2.4.4 Microscopic Balance

Consider the momentum flux vectors — ¢, ¢2 and ¢3 — acting on the six faces of differential
element of fixed volume, as shown in Figure 2.9 below. The vector ¢-, which is along the
xo-direction, acts on the two parallel faces of area AAy = Ax1Axs, and at locations x5 and
2o + Axs. The momentum rates into the system at x5 due to ¢, along the x1-, xo- and x3-
directions are, respectively, ¢o1 A A7, oo AA; and pa3 A A;. Note that there is no generation
of momentum. Applying Equation (2.1) on p. 18 for the momentum AV pv; of the differential

¢3(xs + Axs)

P2(xo + Axs)

z3 + Axs /

¢2(z2)

—=>=> ¢i(z1 + Axy)

- T2 + Axa

x2

T ¢3(I3)

Figure 2.9 Molecular flux vectors — ¢1, ¢p2 and ¢b3 — acting on the six faces of the differential element
of fixed volume in Cartesian coordinates

element along the x;-direction, we obtain

d 0
E(Avaz) = AVE(pUZ) = Z [(ﬁﬂ(xj) — ¢ji(xj + AZ‘]):|AA] + pg; AV
J=1

(2.22)

where AV = Az AzyAxs is the fixed volume of the element. In the limit of Az; tending
to zero at any time ¢,

061
¢ji(z; + Axy) = ¢jilz;) + % Az;

axj
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from the first order Taylor expansion. Using this result, Equation (2.22) on the previous page
simplifies to

opvi) N~
ot - _Z axj + Pgi; 2_1a253

for the three directions. In the matrix notation the above set of equations can be written as

9(pv)
ot

= —V-¢p+pg (2.23)

The above equation is known microscopic momentum balance, or the equation of motion.

Equation of Change for Velocity

To obtain this equation, we expand the equation of motion above, and utilize the equation of
continuity [Equation (2.8), p. 23] as follows.
The second term of Equation (2.23) above expands to

-V-¢p = V- (P+717+pvw) = =V-0P—-V -7V pvv (2.24)

In the above equation [refer Section 8.6.6, p. 310],

0 0 . 0 N A L.
V- -0P = 18 + X1 =— 92, +X38—[L'3) . (X1X1P+X2X2P—|—X3X3P)
3 3 3 3
L0 .0 ..
= ;;Xla% X;x;P = ;;XZ 5’z,( % P)

since 9% /0x; =0

where
1, if i=3j
617 =
0, if i#£yj
Thus,
oP oP oP
6P = Xgo— = VP
\V4 61+ 282+X36$3 \Y%

To expand V - pvv in Equation (2.24) above, we use the following identity (see p. 315):
V-ab = a-Vb+b(V-a) (8.9)
With a as pv, and b as v

V.pvv = pv-Vv+v(V:pv)
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Thus, Equation (2.24) on the previous page becomes
-V-¢p = -VP-V-1—pv-Vv—v(V:pv)

Finally, applying the product rule of differentiation to the left-hand side of Equation (2.23)
on the previous page, we get

d(pv)  Op ov ov
i @Vﬁ-pa = (—V-pv)v-l—pg
—V.pv

[from Equation (2.8), p. 23]

With the help of the last two equations, Equation (2.23) on the previous page simplifies to

9 1
a_;’ - _V.vV_;(v~7-+VP)+g (2.25)

which is the equation of change for velocity.

2.5 Energy Balance

In this section, we will first derive the microscopic balance. We will then integrate it over the
volume of the system to obtain the macroscopic balance. This approach helps in appreciating
certain terms that arise at the molecular level, and that are better conceived in the microscopic
balance.

2.5.1 Microscopic Balance

Consider the differential element of fixed volume, as shown in Figure 2.10 on the next page
where e; denotes the total energy flux across the differential area element A A; perpendicular
to the z;-direction. Note that AA; = Az Az, where ¢, j and k are different from each other,
and take values from the set {1,2, 3}. Then the energy flux is given by

2
v A ~
e, = p(g-‘r@-FU)Ui + LY + q; (226)
~
energy flux due to energy flux due to energy flux due to
moving mass molecular forces heat conduction

where the energy flux due to moving mass stems from the kinetic, potential and internal
energy of the mass crossing AA;, where ® and U are the potential and internal energy per
unit mass, respectively. The energy flux in the x;-direction due to molecular forces is the dot
product of the molecular stress 7r; (i.e., shear stress acting on A A;), and velocity.

Applying Equation (2.3) on p. 20 to the total energy of the differential element, we get

dt{AVp< +@+U” = i[ei(m)—ei(zﬁmi)m&

i=1

total energy of the element
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63(%3 —+ AIB)

e1(z1) ea(z2 + Axs)

x3 + Axg -

63(.’25)

Figure 2.10 Components of the total energy flux vector — e1, ez and es — acting on the six faces of
the differential element of fixed volume in Cartesian coordinates

Since AV = Az AzsAxs is fixed, the above differential equation can be written as

AV%[/)(Z—Q-F&)—FU)} = i_il[ei(xi)—ei(xi—FAxi)]AAi

Using the first order Taylor expansion of e;(z; + Ax;) in the limit of Az; tending to zero at
any time ¢, the above equation simplifies to

0 v . . 3 Oe;
E[p<7+q>+Uﬂ = _;8%— (2.27)

We express the right-hand side of the above equation with the help of Equation (2.26) on the
previous page as

3

Oei 8 1}2 A A
_ - _ ~ 4@ . - .
S = o (G +o+0)utmoval
3 3 3 3
0 v L . 0 dq;
= — — 49 -
——
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where, using the definition of 7 [see Equation (2.18), p. 27],

3.9 B 3 3 3
Za—xizﬂiﬂj = Z Z 0i5 P + 7ij)v; Z +Z ZTUUJ
) ] . ]:1 - ;e

= V.-Pv+V-7-Vv

Utilizing the above results, Equation (2.27) on the previous page can be finally written as

0 2 vt
{( —|—<I>—|—U)} = —V'|:p<7+¢)+U>V}—V-PV—V-T'V—V'C]

ot
(2.28)

The above equation is the microscopic energy balance.

2.5.2 Macroscopic Balance

This energy balance can be obtained by integrating Equation (2.28) above over the entire
macroscopic system of which the differential element is a part. Figure 2.11 below shows a
macroscopic system, which has a number of ports for the entry and exit of mass and energy.
At any port, the velocity and heat flux are perpendicular to the cross-section area of the port.
As shown in the figure, the boundary surface of the system is made of the fixed surface of wall,
its conductive part or port, the ports of material transfer, and one or more moving surfaces.

Wi

 port2

material out
port1 . : /

moving surface

material in \>

fixed surface \
of wall

conductive
part of wall

material out

Q

Figure 2.11 A macroscopic system with material flowing in and out through a number of ports and
subject to the transfer of heat (Q) and shaft work (W5)
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While the ports are open to the exchange of mass, momentum and energy, moving surfaces

such as the surface of the impeller of the mixer only allow momentum to be transferred. This

momentum contributes shaft work to the system. Of course, nothing crosses the fixed surface.
Integrating Equation (2.28) on the previous page over the macroscopic system yields

/aat[ ( 2+‘D+U”d‘/ = V/—V'[p(%2+<i>+f]>v]dv +V/—V.Pvdv

first term second term third term
+/—V-T-vdV —l—/—V-qu (2.29)
1% 14
fourth term fifth term

Applying the general transport theorem for fixed volume [see Equation (2.65), p. 53] to the
first term in the above equation, we obtain

E
——
9 v2 d vi oo _dE
\4

where F is the total energy of the macroscopic system.
Applying the divergence theorem [see Equation (2.55), p.48] to the second term of
Equation (2.29) above, we obtain

v? oL v L
/—V-[p(;—i—@—kU)v}dV = /—p(;—&-@—i—U)v-ﬁdA
v A

where A is the total surface area. However, the above energy flux crosses the system only
through the ports of material transfer. Therefore, with A, as the cross-section area of all IV,

ports of material transfer,
V2 - N
/—p(; + o+ U)v -ndA,
A

v . A
/—p(7 +<I>+U>v-ﬁdA
A

No
G SR

E;

where the p;, v, <i>j and Uj are, respectively, the density, velocity magnitude, specific
potential energy, and specific internal energy at the jM port; all of which are considered
uniform over the cross-section of the port. Furthermore, Ej is the total specific energy of
material, which moves with velocity v; through the j™ port. As shown in Figure 2.12 on the
next page, the area of the portis A; = A;n; where A; is the magnitude, and f; is unit vector
normal to the port. Note that v; and A ; are collinear. Taking all surface area elements of the



2. Fundamental Relations 37

x1

Figure 2.12 The area and velocity vectors through the j port of material transfer

macroscopic system as vectors pointing perpendicularly outward from the body,
—v;A; atthe entry port where v; is opposite to A
Vj . flj Aj =
v; A; at the exit port where v; is along A ;

With this consideration, the second term of Equation (2.29) on the last page simplifies as
follows:

9 . . Nin R Nou .
/_p<% + &4+ U>v AdA, = > (piEjvjA))in — Y (i EjvjAj)ou
j=1 j=1
- _A[pEUA] - —A[mE} (2.30)

where 71 is the total mass flow rate through a port. Note that we have used the delta notation
of Equation (2.2) on p. 20 in the last step.

The third term of Equation (2.29) involves momentum flow across all ports of material
transfer as well as moving surfaces. Applying the divergence theorem [see Equation (2.55),
p. 48], we get

/—V~PvdV = /—Pv~ﬁdA = /—Pv~ﬁdAp+/—Pv-ﬁdAm 2.31)
Am

1% A A,
~————
=W

where A, is the area of all moving surfaces, and WS denotes thq rate of shaft work done on
the system. Similar to the input terms in Equation (2.30) above, W is positive. Following the
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steps used to derive that equation, we simplify the integral over A,, and obtain
. P .
/fv -PvdV = —A[PvAl+ W, = —A {mp] + Wi (2.32)

The fourth term of Equation (2.29) on p. 36 involves shear stresses across the ports as well
as the moving surfaces. However, the stresses are insignificant relative to pressure, and that
term may be ignored.

We are now left with the fifth term of Equation (2.29). This term is not much different from
the second term of that equation, and involves conductive heat flux across and perpendicular
to the parts of the wall (i.e., conductive ports) of the system. Following the steps used to
derive Equation (2.30) on the previous page, the fifth term simplifies to

/—q~ﬁdA - —A[Q} (2.33)
A
where () is the rate of heat conduction across a conductive port. Based on the above
simplifications, Equation (2.29) finally becomes

ar
dt

— —afiE]-a {mﬂ - ale] + W, (2.34)

which is the macroscopic energy balance.

Remarks

The microscopic energy balance obtained earlier is the starting point for the derivation of
the equation of change for temperature, which is an important measurable property related
to the energy content of the system, and is of immense practical interest. Next, we need to
derive the equation of change for kinetic and potential energy combined. Subtraction of this
equation from the energy balance will result in the equation of change for internal energy.
This equation, in conjunction with the thermodynamics relation between temperature and
internal energy, will eventually yield the equation of change for temperature.

2.6 Equation of Change for Kinetic and Potential Energy

We first derive the microscopic equation.

2.6.1 Microscopic Equation

The dot product of the equation of motion [Equation (2.23), p.32] and v is given by

d(pv)
which is obtained by summing the following three equations:

3

O(pv; P .

v; (pv) = —vig L + ViPGis 1=1,2,3 (2.35)
=1 81‘]‘

ot
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We will now expand the terms of Equation (2.35) on the previous page, utilizing the product
rule of differentiation as well as its rearrangement, i.e.,

9 _ dab) _,0a

Yoy T oy Ay
The first term of Equation (2.35) can be written as
d(pv; 0 0v; 20 0 2
200 200 OV v Op O (o
ot ot ot 2 Ot ot
—— ~—
8(/)1/?/2)_1)% o0 —V.pv

2 ot [from Equation (2.8), p. 23]

__zgji S/ W B
Loz M) TP | T e\ 2

With the help of Equation (2.19) on p. 28, the second term of Equation (2.35) expands as

3 3
—v; =y - g Vit 4 va—(pvvy)
- 1 1
‘2 f Ox; ‘Oz, — Ox; 2837] J
= Hf—/ I=E T~ SN——
B(PU‘L) A (v;Tiq) dv; A (vipvivy) dv;
+P “o=z; - szaz 7ai;jj —PY; U’Ldr
3
ov; 0 0v;
Pv;))+ P — g —(viTji) — T a— +
( Z) 8 T . axj ( 1 ]7/) Je 8IJ
Jj=1

i( w02 — )
8xj pUiYi P la.’lﬁj
Finally, assuming that close to the earth’s surface, gravity is equal to the gradient of the
gravitational potential ®, i.e.,

09
gi = o
the last term of Equation (2.35) can be written as
B 00 O(pui®) . PICT))
vipgi = vlp@mi ox; +e ox;

Substituting in Equation (2.35), the expressions obtained above for its three terms, we
obtain upon simplification

o (pvZ\ 0 dv; [ o v 9 ( pvjv;
a( 2> = og, P+ P - Z[aTj(%T”)_T’WTj - a—( 2 )]

d(pvi®) - 0(vip)
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Summing the above set of three equations, we obtain the dot product of the equation of motion
[Equation (2.23) on p. 32 and v], i.e.,

v? TV
P o= avl >0 T
(5) Za (Pi) *PZ Za_<z)
V-Pv V‘v V-Tv
’U2
3
DRRTCERCTCIN)
=1 j= 1=
T:Vv v.p;ﬂv

V~p<i>v V-pv

where v is the magnitude of the velocity, and 7 is taken to be symmetric, i.e., 7;; = 7;;. In
the matrix notation,

a [pv? v . .
at( ) - 7V~Pv+PV~v7V~T~v+T:Vv7V~p<3+<b)v+<I>V-pv

where T : Vv is the double dot product of 7 and Vv [see Section 8.6.6, p.317]. The above
equation is the equation of change for kinetic energy whose last term can be written as

-dp _ O(pd)

PV-pv = =5 =

based on the equation of continuity [Equation (2.8), p.23], and time-independent P
sufficiently close to the earth’s surface. With these considerations, we obtain

0

v? v? .
625[( +<1>>] = —V~PV+PV~V—V-T-V+T2VV—V-p(?-I-(I))V

(2.36)
which is the equation of change for kinetic and potential energy.

2.6.2 Macroscopic Equation

The macroscopic equation for the combined kinetic and potential energy is obtained similar
to Equation (2.34) on p.38. The integral of V - 7 - v is discarded. Thus, the integration
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of Equation (2.36) on the previous page over the system volume yields the microscopic
equation of change for kinetic and potential energy,

U9 - 50 o]

/ (PV -v)dV — / (=7 : Vv)dV (2.37)
\%4 14

where the last two terms, EC and EV, cannot be simplified, and are the rates of conversion
of kinetic and potential energy, respectively, to thermal energy. While E, is due to viscous
effects and is positive, E, is due to fluid compressibility and could be positive or negative.
For incompressible fluids, E is zero.

2.7 Equation of Change for Temperature

We first obtain the microscopic equation of change for temperature.

2.7.1 Microscopic Equation
Subtracting the Equation (2.36) from Equation (2.28) on p. 35 yields

—(pU) = -V-pUv—-V.-q—PV-v—1:Vv (2.38)

which is the equation of change for the internal energy of the system.
Next, we introduce specific enthalpy (H) in the above equation. Since U=H-— P/p, the
first two terms of Equation (2.38) above expand as

a(plU) 9 . P\] _ 0(pH) 0P
o a{p(ff‘;ﬂ =~ o ™
. . P N
V~pUVV~p<H—)VV-pHv+ V. Pv
p H,—/

(PV-v+VP-v)
[see Equation (8.10), p.317]

Substituting the above expansions in Equation (2.38) above, and expanding the time
derivative yields

oH 79r oP
pﬁ = 625 -V pHV—V —l—ﬁ—i—VP v—T1:Vv (2.39)
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Assuming that the change in enthalpy is between successive states of system under
equilibrium, OH /Ot in the last equation is given by Equation (2.54) on p.47 [see
Appendix 2.A, p.44]. Utilizing this result, we obtain

N,
oT - T dp opP . - Bwl
C Vopfiv-v.q- L0 9P g0 Spg
PCr g VorHv=NVa- o ot 2 o Z
’iglwil

[see Equation (2.51), p.47]
+VP.-v—T1:VvVv d P

where H; is the partial specific enthalpy of the i™ species in a mixture of N, species.
In the above equation, substitution of dw;/0t from Equation (2.11) on p.23 yields after
simplification

N.

or - T dp 8P ~
= _V.-pHv-V.q-— —2£ H,V - w;
Ne Ne Neo
+ 3 HV 3 =D Hirgenij + VP v —T: Vv (240)
i=1 i=1 j=1

where the term involving 7. ;; accounts for the enthalpy change due to the change in system
composition because of chemical reactions. The above equation gets further simplified to [see
Exercise 2.5, p. 58]

N
oT 1 T (9p bpr
Ne. N _
YN Hirgenij + 7 vv> (2.41)

i=1 j=1

which is the microscopic equation of change for temperature:

2.7.2 Macroscopic Equation

Let us consider a commonly encountered macroscopic system, which has the following
attributes:

1. The material in the system is well-mixed so that 7', p, C’p and I:IiS are uniform, i.e.,
independent of space. Moreover, p does not change with time.

2. The system pressure is constant and uniform as well as viscous dissipation is negligible.

3. The mass and heat cross the system boundaries at relevant entry and exit ports. At any
port, the applicable velocity, or heat flux is perpendicular to the cross-section area of
the port.

4. Diffusive fluxes of species at a port are insignificant in comparison to the bulk flux.
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Thus, for this system Equation (2.40) on the previous page simplifies to

oT Ne Ne o
le! — _V-pHv-V- H,Y - w; H,V - §;
ppat V-pHv Vq-i-; prv—i—; V-j

NC Nl‘
— E E Hirgen,ij —7:VvVv

i=1 j=1

The volume integral of the above equation yields the macroscopic equation of change
for temperature. The approach is similar to that used earlier for energy balances [refer
Section 2.5.2, p. 35]. Following this approach, the volume integral is given by

N,
T N S -
/pC’p%—th = /fV-pHvdV +/—V-qu +/ E H,V - w;pvdV

v v v v o=l
first term second term third term fourth term

N. N;

/ZHV JldV +/ZZ Hrgenm dv
=1 j=1

fifth term sixth term
+ /(—T :Vv)dV (2.42)
14
— —m————

seventh term

Since T, p and Cbp are uniform, the first term of the above equation simplifies as follows:

A 0T ~ oT . d 5 dT
4 \4 14

from the general transport theorem
[Equation (2.65) on p. 53]
Note that we have applied the general transport theorem for the fixed volume V.
Applying the divergence theorem [see Equation (2.55), p.48], the second term of
Equation (2.42) above is equal to

/—pﬁv~ﬁdA = —/pf[v~f1dAp— pgv~ﬁdAm
A A, An (U+2)

= —/pﬁv-ﬁdAp —/va-ﬁdAm +/—Pv~ﬁdAm

AP Aﬂl Am
—A [m i ] 0, since no material rate of shaft work, W
[see Equation (2.30), p.37] flows through [see Equation (2.31), p. 37]

= —A[mH] + W,
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where A, and A, are, respectively, the areas of ports of material transfer and moving surfaces,
and m is the overall bulk mass flow rate through a given port.

The third term of Equation (2.42) on the previous page is given by Equation (2.33)
on p.38. The fourth term of Equation (2.42) on the previous page gets simplified to [see
Equation (2.30), p. 37]

N, N, N,
ffiwipv . fldA = HLA wiva = H,LA ml
[ oo sty = 3 aliagot] = 3 Fial]

where (i) 77; is the bulk mass flow rate of the i™ species through a given port, and (i) H; is
the property of the species inside the macroscopic system at system conditions.
Similarly, the fifth term of Equation (2.42) on the previous page gets simplified to

N, N Ne
/Zﬁiji-ﬁdA = ZﬁiA[@] = > HA[m] =~ 0
A =1 =1 1=1

mg

where m; is the mass flow rate of the i species through a given port due to diffusion. Since
m;s are considered insignificant relative to m; at a port, the fifth term can be dropped.
The sixth term of Equation (2.42) simplifies as follows:

N, N ~ N, N ~
/ZZ<_Hirgen,ij)dV = VZZ(_HiTgen,ij)
v j=1i=1 j=11:=1

where V' is the volume of the macroscopic system.

Finally, the seventh term of Equation (2.42) on the previous page is E, [see
Equation (2.37), p.41]. This term can be dropped since the viscous dissipation is assumed
to be negligible. Thus, Equation (2.42) becomes

. dT - SR T NS i
mCpo = —A[mH} - A[Q] +;Hiﬁ[mi] +V;;(—Hﬁgemj) + Wi

(2.43)

which is the macroscopic equation of change for temperature.

2.A Enthalpy Change from Thermodynamics

We will derive the equation for enthalpy change in three steps as follows.
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Step 1

The differential changes in the internal energy (U), and entropy (S) of an open system are
given by, respectively,

Nc
> Hidm; +6Q — PV and
i=1
N,
s 5
dS = > Sdm, + ?Q + dSgen

=1

dU

where (i) H; and S; are the partial specific enthalpy and partial specific entropy, respectively,
of the i™ species of mass m; in the mixture of N, species, (ii) 4@ is the amount of heat
transfer, and (iii) dSge, is amount of entropy generated. Eliminating d¢) from the last two
equations, we obtain

N
dU = TdS — TdSgen — PAV + Y (H; — TS; )dm;
— N——
where G, is the partial specific Gibbs free energy. For a reversible process, dSge, is zero, and
therefore

Ne
dU = TdS—PdV + > Gidm; (2.44)
i=1

Since U is a path-independent property, dU given by the above equation is valid for any
process for the same initial and final states.
Now from the definition of enthalpy, H = U + PV, so that

N
dH = dU+ PdV +VdP = TdS+ VdP + Z Gidm; (2.45)

i=1
with the help of Equation (2.44) above.
Step 2

From S = S(T, P, m) where m is the vector of all m;s, we obtain

dP Z amz

In the above equation m; is m without the 4™ species. We will now get expressions for
95/0T | p , and OS/OP|y, .. In terms of heat capacity, Cp = 0H/9T | p ,,, and the relation
OH/dS|p, = T from Equation (2.45) above, we can express

28
aT |,

08

5 = oP |,

dm; (2.46)
T,Pm;

a8
or Pm

2] Cr

T

(2.47)

X—
m or P,m
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From the definition of the Gibbs free energy, G = H — T'S, so that
Nc
dG = dH —TdS — SdT = —SdT+VdP+ > Gidm;
i=1
where we have used Equation (2.45) on the previous page in the last step. From G =
G(T, P,m), we get

N,
oG oG ~ 0G
dG = — dl + — dP + dm;
or Pm op T,m =1 om; T,P,m;
Comparing the last two equations, we get the following relations:
oG oG
_ = — P — = d
T |p o S Pl ™
oc = Gy i=1,2,...,N. (2.48)
M |1, pm,

Since G is a path-independent property, using the first two of the above relations, we get
0 -
op T,m a or P,m

Substituting the above result and Equation (2.47) into Equation (2.46) on the previous page
gives

— |4
(0G/0T)py = |  (0G/OP)pp or ==
’ Tl pm ~ apP

T ,m 9

ﬁdT oV

N,
< 08
7Y |, 9P

Pm i=1 amz

ds =

dmi
T,P,mj

The above expression for dS when substituted into Equation (2.45) on the previous page
yields
ov

+ G )dmi

dH = CpdT +

N 98
dP+Zl(Tami

(OH/Om) 1. p

Pm T,P,m;

(2.49)
where the bracketed expression in the last term of the above equation gets simplified after
applying Equation (2.48) above, and then utilizing the definition, G = H — T'S, as shown
below.

0S ~ 08 oG 0 OH
T@mi +G; = Tami + o ~ om; (TS+G) = o (constant T', P, m;)
Step 3

To obtain dH in terms of specific heat capacity (Cp), density (p), and mass fractions (w;s),

we express Equation (2.49) above as
a(mV) Y oH
dP —

d(mH) = mCpdT + [mV -T d(mw;)

P,m T,P,m;j
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where H is specific enthalpy, and Vis specific volume. Upon expanding the differentials and
derivatives,

. N A ov . Om
dH + Hdm = mCpdT + [mV —T(m veR ) ep
m + m mCp + |m 5T —|— ar o
H/,—’
=0, since
m 1S constant
5 o st
Further rearrangement of the above equation yields
N
¢ A A ov
; d [dH — CpdT - ( )dP
{ Zw 8mZ _ ] e Cr aT |p
\q,_/
- Z desg [m = 0 (2.50)
amz T,P,m,

where H; is called the partial specific enthalpy of the i species in the mixture. Since dm and
m are arbitrary, their respective coefficients must be zero. Thus,

N
H = Zwiﬁi (2.51)
i=1
oV = 4
dH = CpdT + (v jad )dP—f—ZHidwi (2.52)
oT Pm P
Because V = 1/p,
oV oVop _1op
ar — 9p T —  p2 0T
Using the above result, Equation (2.52) above becomes
N,
N R 1 T dp S
dH = CpdT —(1 )dP Hidw; 2.53
CpdT + , ) oT |, + ; w (2.53)

Let H be a function of time as well as space. Then the partial differential of His given by

T 9p
p IT |,

OH — cpaT+1(

N
i=1

Dividing the above equation by the differential time, 0t, we get the equation of change for
enthalpy from thermodynamics.

OH aT 1 T dp P I duwy
ot Cpa p{1+paT‘Pm:| +;H”W @2.54)
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2.B Divergence Theorem

According to this theorem, the integral of the divergence of a vector field over the volume
of a system is equal to the net outward flow of the vector field through the boundary surface
area of the system. Thus, given a vector field f in a system of volume V" and boundary surface
area A,

/V-de = /f-ﬁdA (2.55)
v

A

To prove this theorem, we split a system into upper and lower parts, as shown in Figure 2.13
below. The two parts are demarcated by a locus of points on the surface where the outward
normal 1 is perpendicular to the z3-direction.

3

A

z2

locus of points with
n at right angle to x3

xr1

Figure 2.13 A system of volume V split into upper and lower parts by a locus of points with the
outward normal 1 perpendicular to the x3-direction
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Now from the definition of divergence of a vector,

/v-fdv_ gy [OLgy, [0

81‘1 81‘2 81‘3 v

Let z3 and 3 be, respectively, the upper and lower limits of the system along the x3-direction
at any set of coordinates (x1, x2). Then we can write

Z3(z1,22)
fs gy // / ofs " o du dy // 717 4y day
3%3 z3(z1,22)
4 z1 z2 z3(z1,22) T1 T2
Or/TﬁdV = //fg(i?g)dl’gdl’l - //fg(g?g)dl’gdl’l (256)
T3
1% xr1 T2 1 T2
for upper surface area, A for lower surface area, 4

Observe that the differential area element in the upper part of the system is
dA = (d4A)n
where dA is the magnitude, and 1 is the unit vector along dA. The projection of dA on the
x129-plane is
dAcosf = dridxs

where 6 is the angle between n and the unit vector X3 along the zg-direction. Thus,
cos ) = x3 - i so that

dzidz, = %3 -ndA (2.57)
Similarly, the differential area element in the lower part of the system is
dA = (d4)n
where dA is the magnitude, and n is the unit vector along dA. The projection of dA on the
x1x9-plane is

—dAcosf = dxidzs

where 0 is the angle between n and X3. Since the magnitude of # in the lower part is greater
than the right angle, cos 6 is negative. To keep the projected area positive, we have multiplied
the left-hand side of the above equation by —1. Since cos § = x3 - n,

dridry = —%3 -ndA (2.58)

Substituting Equations (2.57) and (2.58) above, respectively, in the integrals for the upper and
lower surface areas of Equation (2.56) above, we get

9fs

8;10 dv = /f3 .133 X3 - IldA—F/fg 333 X3-ndA = /ngg ndA
3
v
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where 1 is the unit vector perpendicular to an area element d A.
Proceeding in the same manner as above for the z;- and zs-directions, we obtain,

respectively,
/afl v = /f1>21~ﬁdA and
(9331
v A

9f2

v = /fgig-ﬁdA
a£2
A

\%4

Adding the last three equations results in the divergence theorem, i.c.,

J(GE+ g2 gE)av = [tk + foso+ fox) o
|4

61‘1 8.2?2 61‘3
A

which can be written compactly as

/V'de
v

2.C General Transport Theorem

/ £.ohdA (2.55)

A

This theorem provides a useful expression for the time derivative of the volume integral of a
scalar function in a system whose volume depends on time.

To derive this theorem, we consider a system whose surface moves with velocity w, which
varies with space and time. As shown in Figure 2.14 on the next page, the volume changes in
time At from the initial volume V (¢) to the final volume V' (¢ + At). The time derivative of
the volume integral of a scalar function F', which depends on time as well as space, is given
by

Ft+ At)dV — / Flt)dvV

d L V(t+At) V(t)
a ) TV = A At

V(t)

(2.59)

The final volume can be written as
V(t+At) = V(t)+ Va(At) — Vi(AL)

where, as shown in the figure, V5 is the volume gained or swept forward, and V; is the
volume lost or swept behind in time At by the system of initial volume V'(¢). Utilizing the
above equation, we can write

/Ft—i—At = /F(t—&-At)dV—i—/F(t—i—At)dVg—/F(t+At)dV1
V(t+At) V(t) Va(At) Vi (At)
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V(t+ At)
(dotted space)

ng

Figure 2.14 Snapshots of a moving volume V' at times ¢ and (¢ + At). V4 and V> are, respectively,
the volumes left behind and swept forward in duration At

The above equation when substituted into Equation (2.59) on the previous page yields

F(t + Af)dV — / F(t)dv

d R V(t) V(t)
at / Fdv = im At
V(t)
ETQ
- / F(t + At)dV; / F(t + At)dVa
. Vi (At) Va(At)
1 1
+ A?Bo At + Air—{lo At
ETl ETQ

(2.60)
We now need to simplify the terms denoted by Tp, 77 and 75 in the above equation.

Simplification of T,

The term T in the above equation simplifies as follows:

~ lim /FHN F) gy — /6—de 2.61)

At—0
V(t) V(t)
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where we have used the definition of partial derivative.

Simplification of T

We first determine dV5 in terms of the surface area of the intersection of V' (¢) and V' (¢t + At).
This area is made of A; and Ay as shown in Figure 2.14 on the previous page. Consider a
differential area element

dA; = (dAy)hy

where d A, is the magnitude of the area, and i is a unit vector along dA. Let the velocity
of the differential area element be

W = WwW

where w and W are, respectively, the magnitude of and unit vector along w. If § is the angle
between w and dA 5 then its component along w is d A5 cos . This area will sweep a distance
wAt in time duration At. The corresponding volume swept along W is then

dVa = (wAt)dAscosf = AtwcosfdA,

Note that on A, the magnitude of 6 is less than the right angle so that cos 6 is positive. Now
since cos = W - N,

Using the above expression for dV5, we obtain

T = Al%mo F(t + At)W ‘N dAy = /F(t)W -np dAs (2.62)
—
Ag(t) Ag(t)
Simplification of T\

We proceed in a similar manner as above, and consider a differential area element [see
Figure 2.14, previous page]

dA, = (dA))h,

where dA; is the magnitude of the area, and f1; is a unit vector along dA ;. The corresponding
volume swept along W is given by

dV; = —AtwcosfdA;

where 6 is the angle between w and dA 1, and the right-hand side is multiplied by —1 to keep
the volume dV; positive. The reason is that on A, the magnitude of # is greater than the right
angle so that cos 6 is negative.

Since cos # = w - i here, the above equation becomes

dV1 = —AtW'flldAl
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Thus, the term 77, after substituting for dV; given by the above equation, is given by

T, — / F(t)w - iy dA, (2.63)
Aq(t)

The addition of Equations (2.62) and (2.63) above yields

A(t) A(t)

Il
\
5|
E
=
o
N

where A = A; 4+ A, and 11 denotes the unit vector along the differential element of area A.
Substituting the above equation and Equation (2.61) into Equation (2.60) on p. 51, we finally
obtain

d oF R
e Fdv = /EdV—F/FW'I’IdA (2.64)
V(t) V(t) A(t)

The above equation is known as general transport theorem.

Special Case

For a system whose volume is fixed in space, w is zero. In this case the general transport
theorem yields

d

oF
FdvV = —-d 2.
dt v /at v (2.65)
v v

2.D Equations in Cartesian, Cylindrical and Spherical Coordinate
Systems

In the following sections, we present the important equations derived in this chapter for
the three most common coordinate systems — the Cartesian or rectangular, cylindrical or
polar, and spherical coordinate systems. The equations in the last two systems are derivable
from the equations in Cartesian coordinate system using suitable coordinate transformations.
Coordinate transformations are presented in Chapter 5 on p. 139.

Coordinate Notation

In the equations below we use the following notation for the coordinates:

For Cartesian coordinates, z, y and z denote, respectively, the x1, o and x3 coordinates
that were used earlier. For cylindrical coordinates,  is the distance along the radial direction,
0 is the azimuthal angle, and z is the distance along the axial direction. Lastly, for spherical
coordinates, 7 is the distance along the radial direction, 6 is the azimuthal angle, and ¢ is the
polar angle.
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2.D.1 Egquations of Continuity

Cartesian coordinates

Op _ (O 0w 0w g 0p 0
ot ox dy 0z *ox Yoy “0z

Cylindrical coordinates

@__ ov, v, 10vy 0Ov, _ @_%@_ @
o p( ot + ) o T r a0 s (2:66)

or rrdd | 0z

Spherical coordinates

@77 a’UT+2’UT+ Yo +1%+ 1 %
ot or r rtanf r 00 rsinf 0¢

oo or r 00 rsinf 0¢

2.D.2 Equations of Continuity for Individual Species

Cartesian Coordinates

awi _ a]zx a]zy 8.712 8(411‘ awi awi
o (ax oy T o nge“” e ™oy " os

Cylindrical Coordinates

Ow; jir | Jir 18319 3Jw ZT 0w v Ow; Ow;
ot or r geny or

Spherical Coordinates

Ow; 1( O0Jir  2jir 100 Jio 1 Ojig
ot __< or + r +; a0 + rtan + rsing d¢ _;rgen’”
Ow; vy Ow; vy Ow;
et BT e T

or r 00  rsinf J¢
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2.D.3 Egquations of Motion
The following equations of motions are for symmetric stress tensor 7:
Cartesian Coordinates

Ovy 0v, 0vy 0vy, 1 /[0Tga n OTye = 0T n oP n

ot~ or v Oy Y52 p\ Ox Oy 0z Ox Jz

Ovy Ovy Ovy Ovy 1(07yy  OTyy 0T,y OP

ot T Oz Yy dy vz 0z p\ Oz + dy 0z * oy * 9y

ov, v % . v, W % _l OTer  OTy,  OTss . 8_P n

ot T ox Y oy 0z p\ Oz y 0z 0z 9z
Cylindrical Coordinates

ov. ; v, B ’U_g% W % B 1 OTpr lam) OTrs

ot "or r 00 0z  p\ or r 00 0z

— P 2
+M+8—)+U—"+gr 2.67)
r or r
Ovg _ _, v 90 Ovy 1(07 1079 1079 , 27ro
ot "or r 00 0z  p\ Or r 00 r 0z r
la_P _ U +
r 00 g6
Ov. _ Ov. wdu. | Ou. 1(0n. 10m. Or. 7
ot “or  r 00 Foa: p\or ros | 9: @ r

L
0z 9=
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Spherical Coordinates

ov, ov, vy Ov, vy Ov, 1( 0T, n 1079 n 1 071
= —Up g — —pa — o — - :
ot or r 00 rsinf 0p p\ Or r 06 rsing O¢
2Trr — Tog — T Tro oP 'Ug'i‘v(%
+ r rtanf = Or + tor
Ovg _ _, 0% ve0ve  vo Ovg 107y 10709 . 1 OTo
ot "or r 00  rsinf ¢ p\ Or r 00 rsinf J¢
370 Teg —Tey 1OP Vg 02
+ r rtanf r 00 T rtan0+ge
Ove _ _, O w00V vy vy 10Ty 10Ty . 1 OTgs
ot " or r 06 rsinf 0¢ or r 00 sinf Jd¢
37}@5 2Tg¢ 1 oP VrUg¢ VeVyp
+ r +rtan0 rsinf 0¢ r rtan9+g¢

2.D.4 Equations of Change for Temperature

Cartesian Coordinates

orT oT oT orT 1

R TR T i oy

% % 0q. LT T 6p ’ DP
ox Jy dz ' pOT lpm Dt

j=11:=1

Cylindrical Coordinates

orT 0T vy 0T or 1

- .= v, 2o ¢, g  10q9 0q. T 8p DP
ot "or r 08 0z pCP

or r o0 0z p@T Pm Dt

Ne

N, N,
r7 a]zr ]zr 1 8]10 a]zz - o
- H((% S TR +) Y Hirgenij +7: Vv

j=11i=1
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Spherical Coordinates

or 0T wol' vy 0T 1 19%e¢ 24 4 199
ot "or r 90  rsing ¢ pCp | Or r rtanf r 00
L 04, T 0p, DP S~ (dir | e | i
rsinf 0¢ = p T |lpm Dt “\ or r rtand
1 0jip 1 0jip WL
z . . .
+ r 00 +rsin€) d¢ +;; iTgenij +7:VV
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Exercises

2.1 Show that the following statement is false: The total number of moles of species in a

system is always conserved.
2.2 Interpret the velocity of fluid under the continuum assumption.

2.3 Show that the equation of motion [see Equation (2.23), p. 32] is equivalent to
Dv

"or = —V.7m+pg
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2.4 Obtain the microscopic and macroscopic equations of change of temperature in molar
units.

2.5 Derive the microscopic equation of change for temperature [Equation (2.41), p. 42] from
Equation (2.40).

2.6 For a fluid element of density p, and the surface moving with velocity v, show that
d DA
— AdV = —dV
P / P Dt
1% v

where A is a scalar function. The above result is known as the Reynolds Transport Theorem.



Constitutive Relations

In this chapter, we present important constitutive relations involving mass, momentum,
energy, chemical reactions, and equilibrium. These relations supplement fundamental
relations by providing expressions for various quantities in terms of measurable intensive
properties. This is what makes constitutive relations so important. Utilizing them, process
models can account for various phenomena in terms of measurable properties.

We begin with constitutive relations for mass transport due to molecular diffusion of
species.

3.1 Diffusion

Consider a mixture of two species, A and B. If their concentrations are not uniform
in the mixture then either species has a propensity for diffusion, i.e., movement from a
region of higher concentration to a region of lower concentration. The constitutive relation
characterizing this phenomenon is Fick’s law of diffusion. According to this law, the relative
mass flux [see Equation (2.9), p. 23] of either of the species, say, A, at infinite dilution, and
steady state is given by

Jja = —pDagVwa

where p is the density of the mixture, Dap is the (Fickian) diffusivity of A in the presence of
B, and Vwy is the gradient of the mass fraction of A in the mixture. Likewise, for B,

j8 = —pDeaVuws

Using the expression for relative mass flux, and expressing wp as (1 — wj ), it can be shown
that

ja = —js and Dag = Dsga

Thus, for binary systems, single diffusivity describes the diffusion of both species.
In terms of the molar quantities, Fick’s law of diffusion at infinite dilution, and steady state
is given by

Ja = —cDagVya

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
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where J, is the relative molar flux of A [see Equation (2.16), p.25], ¢ is the molar
concentration of the mixture, and Vyj, is the gradient of the mole fraction of A in the mixture.

It may be noted that Fick’s law of diffusion is applicable to sufficiently dilute systems
in which species are assumed to interact only with the bulk mixture. The law is an infinite
dilution case of Maxwell-Stefan equations! of mass transfer in multicomponent systems.
In systems with finite concentrations, the diffusivities defined by Fick’s law can vary with
composition.

3.1.1 Multicomponent Mixtures

For a mixture of IV, species where N, > 2, Fick’s law of diffusion can be generalized as

Ji Dy Dis o Di N1 Vwy
Jo Doy Do . Dy n.—1 Vws
= —p
N1 Dn.—1.1 Dpn.—1,2 Dy, —1,N.—1 Vwn,—1
A i L 1L i
3 D Vw

where D;;s are the multicomponent Fickian diffusivities. In the matrix notation, the above
set of equations can be written as

j = —pDVw

where j is the vector of j;s, D is the matrix of D;;s, and Vw is the vector of Vw;s. In the
same manner, the relative molar fluxes are given by

J = —cDVy

where J is the vector of J;s, and Vy is the vector of Vy;s.

Incorporating Fick’s law of diffusion, Appendix 3.A.1 on p. 74 provides the equations of
continuity for a binary system of constant density and diffusivity in Cartesian, cylindrical,
and spherical coordinates.

Next, we present some important constitutive relations for momentum transport due to
viscous motion.

3.2 Viscous Motion

Consider a moving material body (i.e., fluid) whose velocity v changes with the spatial

. T . . . .
location x = [ml To acd] in Cartesian coordinates. Using the first order Taylor
expansion in the limit of Ax tending to zero vector [see Section 8.8.2, p. 323], we obtain

v(ix+ Ax) = v(x)+ VvAx
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where Vv is the velocity gradient tensor given by

Ovi du - Ouy
81‘1 (9332 83?3
Vv = |Ovz Ovz o Ovp
3171 a$2 8133
Ovg  Jvg - Oug
8:51 81‘2 81‘3_

This tensor can be expressed as

Vv = Vv+(Vv)' + Vv (Vv)' }

symmetric part antisymmetric part
(@0} (w)

DN =

In the above equation, the symmetric part < is called the rate-of-strain tensor. The
antisymmetric part w is the vorticity tensor, which represents pure rotation. The constitutive
relations that follow characterize viscous motion based on ~.

3.2.1 Newtonian Fluids

In Newtonian fluids, the viscous stress tensor 7 is a linear, isotropic (i.e., directionally
independent) function of dv;/Jz;s, but independent of w. For these fluids, a constitutive
relation known as Newton’s law of viscosity relates 7 linearly to 4 and V - v as>3

) 2
T = —py+ <§u—n>(V~v)5
where 1 is viscosity is the viscosity of fluid,  is its dilatational viscosity, and § is the unit
dyadic [see Equation (8.8), p. 312].
In Cartesian coordinate system, the above equation expands to

(o ) gz e ()N
Substituting the above equation in Equation (2.25) on p. 33 yields
ov

3

1 2
= V~Vv+[uV~‘y - (un)V(V~v)VP} +g
ot pPL —~~~
v

which is the equation of motion, or Navier-Stokes equation, for compressible Newtonian
fluids.
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Since V - v = 0 when density is constant [see Equation (2.8), p. 23], the Newton’s law of
viscosity for an incompressible Newtonian fluid is given by 7 = —puy. The Navier—Stokes
equation for that fluid having constant viscosity as well simplifies to

0 1
Y v Uv4 (Vv -VP)+g (3.1
ot )

Appendix 3.A.2 on p. 75 provides the equations of motion for Newtonian fluids of constant
density and viscosity in Cartesian, cylindrical, and spherical coordinates.

3.2.2 Non-Newtonian Fluids

Many fluids such as molten polymers, and salt solutions have viscosities, which are not
constant but vary, especially with shear rates. A general constitutive relation for momentum
transport in such fluids is given by

T = =¥

where 7 is non-Newtonian viscosity, which is a function of |||, i.e., the norm of the rate-of-

strain tensor,
4l = /1. .
Yl = 2’7 Y

A simple characterization for 7 is given by the power law model according to which

ln—1
n = mlly["

where m is the consistency index, and n is the power law index of the fluid. The index m is

sensitive to temperature, and is given by

m = mge “T-To)

where my is the value of m at a reference temperature 7j, and a is an empirical constant.

In power law model, if n > 1 then the viscosity increases with the rate of shear, and the
fluid is shear-thickening, or dilatant. If n < 1 then the viscosity decreases with the rate of
shear, and the fluid is shear-thinning, or pseudoplastic. Note that the fluid is Newtonian if
n = 1. The viscosity of many fluids is well-described by the power law model at high shear
rates, i.e., large values of ||7||. However, for ||| tending to zero, the model predicts that n
approaches

1. zero for dilatant fluids with n > 1, and

2. infinity for pseudoplastic fluids with n < 1.

In reality, however, ) becomes a non-zero constant as ||%|| tends to zero.

A widely used relation that smoothly unifies the constant fluid viscosity at low shear rates
with the power law trend at high shear rates is the Cross~-WLF model. The Cross model*
relates 7 to ||| as

Mo
. (1—n)
1+ (nol'rH)
7—*
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where 1) is the limit of viscosity as ||| approaches zero, and 7* is the critical stress. This
stress is determined when viscosity, which is constant at low shear rates, begins to change as
|| %] increases. The WLF model® provides the temperature dependence through 7, which is
given by

AT —T%)

= D _
"o 1 eXp Ay + (T —T)

where D;, A; and A, are empirical coefficients, T is the fluid temperature, and T™* is a
reference temperature. For a polymer, 7™ is the glass transition temperature.
The next constitutive relation is for energy transfer due to thermal conduction.

3.3 Thermal Conduction

The heat flux due to conduction in a medium is proportional to the temperature gradient. In
an isotropic medium, the flux is given by Fourier’s law of heat conduction, i.c.,

q = —kVT

where k is the thermal conductivity. It is not necessarily a constant but a function of
temperature, pressure and composition of the medium.

Using Fourier’s law, the microscopic equation of change for temperature [Equation (2.41),
p-42] can be written as

oT N _ N. N _
,OOPE = —pCpV -VT +V - (kVT) + ZHZV jz — ZZ HiTgen,ij
i=1 i=1 j=1
T 0pDP
B e 32
p OT Dt TiVY (3-2)

For heat transfer in a non-reactive system with (i) constant density, or constant and
uniform pressure, (i) constant thermal conductivity, and (iii) negligible viscous dissipation,
Equation (3.2) above becomes

pép%—f = —pé’pv VT + kV?T
Appendix 3.A.3 on p. 76 provides the above equation in Cartesian, cylindrical, and spherical
coordinates.

Constitutive relations that are described above associate the flux of mass, momentum,
or energy to the gradients of measurable intensive properties. In the following section,
we introduce an important constitutive relation, which relates the rate of reaction to the
concentrations of species involved in a chemical reaction.

3.4 Chemical Reaction

We consider an elementary chemical reaction in which species react to yield products directly.
The following representation of an elementary reaction

aA+bB — cC+dD
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signifies that a moles of A and b moles of B disappear to produce ¢ moles of C and d moles
of D. While c and d are defined as stoichiometric coefficients of the products C and D, —a
and —b are defined as stoichiometric coefficients of the reactants A and B.

Let us focus on two states, initial and final, of a mixture of the above species. In the initial
state, the mixture has Nag, Npg, Nco and Npy mole numbers of A, B, C and D, respectively.
The mole numbers change to Na, N, N¢ and Np in the final state in which the reaction has
progressed to a certain extent. Since, according to the reaction stoichiometry, ¢ moles of C
are produced when a moles of A are consumed,

moles of C produced ~ Nc—Ncp ¢

moles of A consumed =~ Npag— Ny a

Let ANz = (Nz — Nzg) and vz denote, respectively, the change in mole numbers, and the
stoichiometric coefficient of species Z. Using this notation, the above relation becomes

ANC - Vc
—ANA o —UA
Rearranging the above equation, we get
AN, AN,
Sp— A= x
vc L7\

where X is defined as the extent of reaction. We can similarly obtain

AND ANC ANB ANA

= = = = X
Up Ve 4:] LN
In general, the extent of a reaction (irreversible or reversible) is given by
AN, Nz — N,
x = A0 Ne= Na (33)

vz vz

where Z is any species involved in a reaction. Note that X is the same for all reaction-species.
Once X is known, we can obtain the change in mole numbers of all the species from the
reaction stoichiometry. Then given the initial mole numbers of a reaction-species, we can
calculate its final mole numbers, and vice versa.

Example 3.4.1
Consider a mixture of species A, B, C and D, which undergo the following reaction:
4A+3B—C+2D

The mixture has initially 40, 30, 3 and 0 mol of A, B, C and D, respectively. We would like
to calculate the final mole numbers of the species at 70% conversion of A.

Solution

At the initial state, Nag = 40 mol. At the final state, Ny = (1 — 0.70) Nao = 12 mol. Then
from Equation (3.3) above, the extent of reaction at the final state is
AN, Njy — N, 12 — 40
X = A _ AT TTAD =7

2N UA —4
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Application of Equation (3.3) on the previous page to species B yields
ANg = Xvg = 7Tx -3 = —21mol
Thus, the number of moles of B at the final state is
Ng = AN+ Ngg = —21+30 = 9mol

Likewise, the application of Equation (3.3) on the previous page to species C and D results
in their number of moles at the final state: N¢ = 10 mol and Np = 14 mol, respectively.

Q

Generalization

For the general elementary chemical reaction
a1Ar + aAg + ..+ oA, — B1B1 + BaBo + ...+ Bqu

the extent of reaction is given by
ANp,  ANa, ANy

X = = = e = P
VA, VA, I/Ap VB, VB, VBq

_ ANs,  ANg, ANg

3.5 Rate of Reaction

Expressing Equation (3.3) on the previous page in terms of X per unit volume of the reaction
mixture (i.e., X), and taking the derivative with respect to time, we get

d(X X - N, — N, 1 dN,
(XV) _ [ dX | odV d (NN 1dNg
dt dt dt dt

- vz, vz dt

Rearrangement of the above equation yields

aX _ Xdv 1 dy
Vo dt Vzv dt

dt
SNe—
T
where r is called the rate of reaction. The molar rate of generation per unit volume of a
reaction-species Z is given by

1dNg +§dV
va P\ v
——

Rgenz

Note that R,z would be negative if Z is consumed in the reaction. Similar to the extent of
reaction (X)), the rate of reaction (r) is the same for all species involved in a reaction.
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For reaction mixtures with constant volume,

Rgen
r = =L < and Rgen,Z = vzr (3.4)
vz

Thus, from the last equation, we can determine the rate of change in mole numbers of all
reaction-species with the help of r, which is furnished by a constitutive relation in terms of
species concentrations.

The constitutive relation for the reaction rate of an elementary reaction, say,

aA+bB —cC+dD

is of the form

where (i) k is the reaction rate coefficient, (ii) ca and cg are, respectively, the concentrations
of species A and B with a and b as stoichiometric coefficients, (iii) kg is the pre-exponential
factor, (iv) E is the activation energy of the reaction (v) R is universal gas constant, and (vi) T’
is absolute temperature.

Reaction rates are included in the equations of change for moles, and temperature as
follows.

3.5.1 Egquations of Change for Moles

Let us consider a mixture of N, species, which take part in /V; reactions. The volume of the
mixture is constant. From Equation (3.4) above, the rate of generation per unit volume of the
i species of the mixture in the 5" reaction is given by

Reenij = vijr; (3.5)
where v;; and r; are, respectively, are the associated stoichiometric coefficient, and reaction

rate. Substituting the above equation in Equation (2.13) on p. 24 and Equation (2.17) on p. 26,
we obtain

dN;
dt

N;
= —A[NZ} + V;VijTj and (3.6)

oy 1 N. N; N:
atl _ {,,vyic(V.Ji+inZijTj;VijT’j>

k=1j=1

which are, respectively, the macroscopic mole balance, and the microscopic equation of
change for the mole fraction of the i species.
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3.5.2 Equations of Change for Temperature

Recall the term involving enthalpy change due to the j™ reaction in Equation (2.40) on p. 42.
That term, with the help of Equation (3.5) on the previous page, can be expressed as

771/M7

Ne o~ e < _
- H; X rgeni;j = g enlj = _7'jE vijH; = —AH,r;
i=1 ~— i=1 j—
Regen,ij M; VLJ Tj N—_——
AHr‘j

where H; and M; are, respectively, the partial molar enthalpy, and molecular weight of the
th chemical species, and

AH,; = > vyH; (3.7)

is defined as the heat of reaction for the j th reaction. Thus, in terms of AH, ;, the microscopic
equation of change for temperature [Equation (3.2), p. 63] can be written as

oT e ol
pCp—— o7 = —PCev VT + V- (kVT) + Z Z —AH, jr;)
T 0pDP

Appendix 3.A.3 on p. 76 provides the above equation for a system of constant density (or
constant and uniform pressure), and constant thermal conductivity in Cartesian, cylindrical,
and spherical coordinates.

Incorporating A H, ;, the macroscopic equation of change for temperature [Equation (2.43),
p. 44] becomes

N
mcpcg - —A[mﬁ}—A[QhZﬁi [ ]—i—VZ —AH r) + W, (3.9)
=1

A more useful form of the above equation is obtained with the help of the heats of reaction.
They can be expressed in terms of standard heats of reaction, which are typically available.

Standard Heat of Reaction

Consider the reaction
aA + bB — ¢C + dD

under the standard condition, or state, which is at 25°C and 1 bar. Normally, H; is assumed
to be the same as molar enthalpy H; of each pure component, . In other words, (HZ — H;)
is assumed negligible in comparison to energy changes due to chemical reaction, and
temperature variations. Using this assumption in Equation (3.7) above, the standard heat of
reaction is given by

AH = cHE+ dHf — aHj — bHg (3.10)
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where the superscript ‘°” denotes the standard state. Let Z stand for A, B, C, or D, which are
produced from the stable atomic species, A4;s, at the standard state in the formation reaction

21 A1 20+ 2 Ay = Z

A stable atomic species is either a single atom, or a minimal cluster of identical atoms that
is thermodynamically stable at the standard state. Examples of these species are He, Hy, No,
O, (as gases), Fe (as alpha iron), C (as graphite), etc.

Note that if Z denotes A then z;s are a;s, if Z denotes B then z;s are b;s, and so on.
Moreover, n is large enough to account for all A;s that are needed to form A, B, C and D. A
z; is zero in the formation reaction if the i™ species is not involved. With this consideration,
the standard heat of formation reaction (or, the heat of formation) for Z is given by

n n
AH; = Hy—>» zH5 — or  Hy = AH;+ Y zHY,
=1 =1

Substituting the last equation in Equation (3.10) on the previous page, we obtain

AH?

n n
c(AHE+3 S, ) +d( AHS + Y diHY, )
=1 i=1

7a(AHX +iaiﬂii> - b(AH§ +Xn:biljjj)

=1 =1
units of \A; in units of A; in
n prOdUCtS reactants
—— —
= CAHE +dAHS — aAHE — bAHG + Y[ (coi+dd; ) — (aa + bb; ) | H,
i=1 -

The summation term in the last equation is zero since the number of atoms of the 7" species
(or, equivalently, the units of .A;s) that are included in products is the same as that in reactants.
The above result can be written for the j™ elementary chemical reaction as

Nc
AH; = Y v AHY (3.11)
i=1

where AH;: j is the standard heat of that reaction, and v;; is the stoichiometric coefficient of
the i involved species having AHY as the heat of formation.

Enthalpy at Temperature above 25°C

Consider a species Z as a pure component, which is solid at the standard state but liquid at a
higher temperature. At this temperature, the molar enthalpy of Z includes the energy needed
to change itself from the solid to the liquid state. The molar enthalpy is then given by

TZ, melt T <TZzboil
[e]
H; = AH; + /sz,sond dI' + AHzmex + /sz,liquid dar
T=25°C 7 melt
—_— —_—
heat of formation energy intake in energy intake in

the solid state the liquid state
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where T7 meit, Cp, solids AHzmeits T7poil, and Cp, liquid, are, respectively, the melting point,
solid-state molar specific heat capacity, molar latent heat of melting, boiling point, and liquid-
state molar specific heat capacity of Z.

In general, for the i species that undergoes IV, changes in states from the standard state,
the molar enthalpy at the temperature of the final state can be written as

T<T;1 N, T<T; k41
Hi — AH®+ / CroodT + Y u(T — T, ) [ AH, . + / Cp, 1 dT |
T=25°C k=1 Tix

In the above equation,

1. the second subscript denotes the state of the species,
2. u(x) is a unit step function, which is zero for negative 2 but one otherwise,

3. AH,; is the change in molar enthalpy of the i species associated to its transition to
the k" state from the previous one, and

4. AH,; is the molar enthalpy in excess of the heat of formation.

Heat of Reaction at Elevated Temperature

Considering H; the same as H;, and using the last equation in the definition of the heat of
reaction [Equation (3.7), p. 67], we obtain

N, N, N,
AHryj = Z l/ijAHf -+ Z l/ijAHi = AH;?]- + Z l/ijAHi
i=1 i=1 i=1

[Equation (3.11), previous page]

which is the heat of reaction for the j™ reaction at a temperature above 25°C.
With the help of the above results, we are now able to derive a practical equation of change
for temperature in a macroscopic system.

3.5.3 Macroscopic Equation of Change for Temperature

Consider a macroscopic system similar to Figure 2.11 on p.35. The system is fed through
entry ports by fluid streams at different temperatures. The species in the streams react in the
system to form products. There is no change of state, and the system is perfectly mixed so
that the exit ports (usually one) the outgoing fluid streams are at system conditions. For this
system, which is known as CSTR, we will use the above results to simplify Equation (3.9)
on p.67. Note that H; in that equation is not the property of the stream at a port, but of the
system at system conditions — precisely at system temperature, pressure and composition [see
Equation (2.50), p. 47].
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The second term of Equation (3.9) on p. 67 is given by

Nin Nout Nin Nou
—A[mﬁf] = Z(mjffj)m—Z( Jour = ijf ij Zm]
j=1 j=1

Z WutHUTt

where H 44T 1s the partial specific enthalpy of the i species having mass fraction w;jt in the
feed mixture of temperature 7} at the 5 port of entry.
The fourth term of Equation (3.9) on p. 67 is given by,

N¢ Niy N Now N
ZHZA[mz} = —ZZ m”f H +ZZ m” H;
i=1 Jj=11i= lmjfUJiJf Jj=11i= lmjw”
OLI[
= —ZmﬁZme —&—ZmJZwU
i= i=
;

Substituting the above expressions of the second and fourth terms in Equation (3.9) on
p- 67, and simplifying the result, we obtain

me imeZw”f Hijm, — H;) — [}+VZ J+ W, (3.12)

Relative to the system temperature 7', and for no change in system state, we can write

Tj¢

Hijn, = HijT+/éP,ij dT

T

where f[ijT is the partial specific enthalpy of the i species in the j port of feed mixture
at temperature 7', and C’p,ij is the partial specific heat capacity of the species in that
feed mixture. Substituting the above equation in Equation (3.12) above, we obtain after
simplification

T:e
Nin Nin Jt

me Z m]fz wmt z]T + Z mjf Z Wi jf / C’jl:‘,ij dr — A |:Q:|

Nr
+ VY (-AH, ) + W,
j=1

For ideal mixtures, HijT and IZ- are the same, and CN’P,Z‘]' is equal to é])7ij. Moreover,
considering the change in Cp;; to be negligible over the expected range of temperature
variation in a process, the above equation simplifies to
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E
P

. N
5 4T o . ' ,
g = ‘- 1miijP,ij(Tj —T)—A[Q] +V;(—AHr,jrj)+Ws (3.13)

<.
Il

The above equation is the most widely used macroscopic equation of change for temperature
in reactive chemical systems. For systems that do not involve fluid flow, and chemical
reactions, the above equation simplifies to

-, dT

mCror = —A[Q} W (3.14)

3.6 Interphase Transfer

The constitutive relations that have been presented so far are applicable in a continuous
medium, i.e., a phase. In these relations, the fluxes are, respectively, functions of the gradients
(i.e., spatial derivatives) of concentration, velocity and temperature in the medium. However,
the gradients are not defined at an interface, which is a discontinuity, between two phases.
Consequently, the constitutive relations for interphase transfer involve property differences
between the phases. The proportionality constants are coefficients, which are determined
from experiments.

Mass Transfer

A constitutive relation for interphase molar flux of a species A is
J = kCACA

where k. is mass transfer coefficient, and Aca is the difference between the molar
concentrations of the species in two phases across the interface.

Momentum Transfer

For interphase momentum transfer, the constitutive relation is

F
- = [Ex

A
where F' is the force imparted at the interface, A is contact area, f is drag coefficient, and
FE is characteristic kinetic energy per unit volume. For fluid flow in conduits, Ey = pv?/2
where v is the average fluid velocity along the axis of the conduit. For fluid flow around
objects, Ex = pv% /2 where v, is the velocity of fluid approaching the object from a large
distance.

Heat Transfer

Similarly, for interphase heat transfer, the constitutive relation is

4 _
A—hAT
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where ¢ is the rate of heat transfer across the area A, h is heat transfer coefficient, and AT is
the temperature difference between two phases in thermal contact.

Finally, we present some important constitutive relations that associate properties of a
system under equilibrium. These relations stem from thermodynamics.

3.7 Thermodynamic Relations

Some useful thermodynamic relations are as follows.

Dalton’s Law

The partial pressure of a species in a gas mixture is the pressure that species would exert if
it were to occupy the entire volume at the same temperature. According to Dalton’s Law, the
total pressure of a non-reacting, ideal gas mixture of N, species is given by

N.
P = Zpi
i=1

where p; is the partial pressure of the i species.

Lewis—Randall Rule

According to this rule, the fugacity*of the i species in a gaseous mixture is given by

fi = yifi
where y; is the mole fraction of the species, and f; is the fugacity of the pure species in the
same physical state, temperature and pressure as that of the mixture.
Raoult’s Law

Consider an ideal solution of a number of species in equilibrium with the vapor phase. Then
according to Raoult’s law, the partial pressure of the i species in the vapor phase is given by

Di = Py

where z; is the mole fraction of the species in the solution, and p; is the vapor pressure of the
species in the pure state at the same temperature as that of the solution.

Henry’s Law

According to this law, the fugacity of the i™ species at close-to-zero concentrations in a liquid
mixture is given by

fi = xH;
where x; is the mole fraction of the species in the mixture, and H; is Henry’s law constant
for the species.

*It is the partial pressure of a species in an ideal gas mixture that has the same chemical potential as that in the
given gas mixture.
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If the mixture is under equilibrium with a vapor phase, and at very low pressure then the
partial pressure of the i species in the vapor phase is given by

pi = x;H;

Antoine’s Equation

This equation relates the vapor pressure (P") of a pure species to absolute temperature (717) as

B
A -
mnP" = A ol

where A, B and C are constants depending on the species.

Vant Hoff’s Relation

This is the relation between the equilibrium constant (K) of a chemical reaction, and absolute
temperature (7"). According to this relation

dlnK  AH,;
dI"  RIT?
where AH, is the heat of reaction, and R is universal gas constant. Integrating the above
equation for K varying from K7 (T}) to Ko(T3), we get

! Ky AH. [ 1 1
nl—=—1, = — — = —
K1 R T2 T1

Given T3, K; and T5, the above equation yields K.

Equations of State

These are thermodynamic equations that relate two or more intensive variables of a system
at equilibrium. Common, measurable intensive variables are pressure, temperature, specific
volume, and mole fractions of species. From the equation of state for a system, all of
its thermodynamic properties can be obtained. Equations of state are required for the
determination of pressure in compressible systems under motion.

The simplest equation of state is the ideal gas law, which is applicable to systems at
pressures close to zero. Another example is Soave—Redlich-Kwong equation of state®,

RT ax

=y vwey
where
Y - 0.42747R*T? b 0.08664RT, ond
P, ’ P,
a = |1+ (0.48 1574w — 0.176w2) (1 _ T)
Te

In the above equations, P is pressure, V' is molar volume, R is universal gas constant, T is
absolute temperature, T, is critical temperature, P, is critical pressure, and w is the acentric
factor of the species.
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3.A Equations in Cartesian, Cylindrical and Spherical Coordinate
Systems

In the following sections, we present the important equations derived in this chapter for
Cartesian, cylindrical and spherical coordinate systems. The equations in the last two
systems are derivable from those in Cartesian coordinate system using suitable coordinate
transformations [see Chapter 5, p. 139]. The coordinate notation is the same as that given on
p.53.

3.A.1 Equations of Continuity for Binary Systems of Constant Density
and Diffusivity

For constant density systems comprising two chemical species of constant diffusivity, the
equations of continuity of a species A are as follows:
Cartesian Coordinates

Owa dwa dwa Oow
TEA Ly,
ot

A 4 Dag

—w —w 82wA 82wA 82wA
Oz Y oy * 0z

Ox? * Oy? * 022
1

""_ngen,Aj
P

Cylindrical Coordinates

Owp Owa B v_gawA . Oow

ot U or r 00

A 4 Dyg

0z

82wA 1 8wA 1 82wA 82wA
( a2 Tior TR e T o )

1
+ - ngen,Aj
pj:1

Spherical Coordinates

% _ Owa _ v_eawA U Owa D O%wp n g(“)wA n i@%JA
o or r 00 rsinf 0¢ AB\ “or2 r or r2 062

1 dwa 1 2%wp ) 1
+ r2tanf 00 + r2sin? 0 0¢? + p ;Tgen,m
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3.A.2 Equations of Motion for Newtonian Fluids of Constant Density
and Viscosity

Cartesian Coordinates

Qvs _ | Ovs Oy | Ovg  p (O OPvs  OPva) 10P
ot  Tor W Oy Y2 8, p\ Ox2 Oy 022 p Ox Ja
dv, Ovy vy dvy,  p (0%, d*, v, 10P
ot~ Tar oy on + p \ O0x2 + dy? o2 p Oy oy
ov, Y %—w 8vz_v 8vz+ﬁ 82vz+82vz 0%v, _18_P+
ot T ox Y oy 20z p\ Ox2 Oy? 022 p 0z 9z
Cylindrical Coordinates
Qv Our vy Ovp | Dup o (OPve  10u, 1 Ou
a  or r 00 ) p\ or2 r or  r2 002

Qv 20v v\ vy 10P

022 r296 r2 r  por Ir
vg _ - Ovg wvgOvy  Dup , pp( 0wy, 10vy 100
ot " or r 06 ) p\ Or2 r or r2 002

+82U9+38UT_U_9 _w_ia_P+

022  r2 96 r? r rp 00 90
v, 0v, vy 0v, ov, p[f 0%, 10v, 1 0%v,
—£ = —u, -2 =y, =4+ = A
ot or r 00 0z p\ 0Or2 ror 1?2 062
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Spherical Coordinates

Qv Qv v Ovp vy Ovr \ p[Ovr  ADuy 1 Ou
ot "or r 90 rsinf d¢  p| Or2  r Or  r? 062
1 oo, 1 9%,  2u.] vgt+vy 19P
r2tanf 00 = r2sin?6 0¢ r r p or
ovo _ _ Owg _wdvg vy Ove  p[O%  40vy 1 0%
ot " or r 00 rsinf 9p p| Or? r Or 12 062
N 1 Jvg N 1 %v _ 2cosf Jvy 2 0v. vy
r2tanf 90 = r2sin®6 092  r2sin?f O 12 00  r2sin?@
2vg Vg Uﬁ 1 0P
r2 T + rtanf rp 00 t 9
vy Ovy wpOvy vy Ovy  p[ Oy  ADvy , 1 DPv
o " or r 00  rsinf ¢  p| o2 r Or = r2 062
1 Ouy 1 0%, 2 Ov, 1 Ovy
e 9Ur 92cosfhl _
ttan0 00 T 12sin?0 062 | r2sind 06 | r2smlo\- U ag U
n 2& _ Uplp  Vgly 1 OP

r2 r rtan 6 rpsinH%—'_gqs

(3.15)

3.A.3 Equations of Change for Temperature in Non-Reactive,

Non-Viscous Dissipative Systems of Constant Density and Thermal
Conductivity

Cartesian Coordinates
oT 8_T B oT oT k (82T o°T 82T>

B - "ar Moy e T g\ a2 T o "o
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Cylindrical Coordinates
oT - OT vy 0T oT k 0*T 10T 1 0°T 0°T
ot~ or rae oz T ,ep\or  ror 2002 922
Spherical Coordinates
or _ _ 0T wdT vy OT  k (T 20T 10T 1 0T
ot "or r 00  rsinddp  pCp\ Or? v dr 2002  r2tan6 00
1 82T>
r2gin? § 0¢?
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Exercises

3.1 Why does the diffusivity matrix for the mixture of N, species [see Section 3.1.1, p. 60]
has (N, — 1) rows, and (N, — 1) columns?

3.2 Explain the significance of the negative sign in Fick’s law of diffusion, Newton’s law of
viscosity, and Fourier’s law of heat conduction.

3.3 Derive the equations of change in reactive systems with variable volume.

3.4 Do a literature search to find a constitutive relation for the determination of liquid flow
rate in a porous medium.
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Model Formulation

In this chapter, we present the formulation of process models, which involves carrying out
the following steps:

description of objectives
specification of system

laying out of assumptions

. interrelation of system properties

N

. consolidation of resulting equations

Description of Objectives

Model formulation begins with the description of objectives that are motivated by what is
required to be attained. These objectives are related to one or more processes taking place
in a system, and eventually to measurable properties such as concentration, velocity and
temperature that should be determined. The properties may be subject to changes with time
and space. Consequently, the objectives implicitly include the development of equations by
interconnecting system properties to capture their behavior.

Specification of System

Once the objectives are set in place, they help in a clear specification of a system as the basis
for the process model. Depending on the expected behavior of the properties, the system
could be uniform, or not. If the properties change spatially then the system is non-uniform.
In this case, a differential element is specified according to the geometry of the system. Any
possibility of the change in system size is identified. If a system is a combination of several
systems then each one of them is specified analogously.

Laying out of Assumptions

In this step, we decide on the level of sophistication in the model to be formulated.
Accordingly, we make assumptions that exclude one or more sub-processes from the model.
This step is based on real-world observations, and information from previous experience.
Note that assumptions are open to revision in the cycle of model development.

Process Modeling and Simulutionfor Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion website: www.wiley.com/go/upreti/pms_for_chemical_engineers
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Interrelation of System Properties

This is the most involved step of model formulation. In this step, fundamental and constitutive
relations are used to describe system properties as per the objectives and assumptions. If the
objective is to find mass (moles), species mass (mole) composition, or their changes then we
use mass (mole) balances. To find velocity, or how it changes, we use momentum balance. To
find temperature, or its change, we use the equation of change for temperature.

Macroscopic equations are used for a uniform system, or a differential element of the
system having spatial variation in its size. In case of spatial variations in intensive properties,
microscopic equations are applied on a differential element of the system. Chapter 2 on
p. 17 provides fundamental macroscopic equations as well as microscopic ones in Cartesian,
cylindrical and spherical coordinates. Based on these equations, Chapter 3 on p. 59 provides
equations incorporating constitutive relations for common systems.

Consolidation of Resulting Equations

In this step, the equations obtained in the previous step are collated, and checked for
dimensional consistency. Additional constitutive relations applicable to the system are
obtained, and assimilated with existing equations. The initial and boundary conditions of
differential equations [see Section 4.A, p.131] are ascertained based on specifications and
assumptions. Finally, all parameters are identified that are needed to solve the equations. The
resulting set of equations constitutes the desired model.

In the remaining chapter, we illustrate the aforementioned steps of model formulation using
several examples categorized under uniform, or lumped-parameter systems, and distributed-
parameter systems. In the last category, we take up examples from Cartesian, cylindrical and
spherical coordinate systems. Emphasis is on model formulation from basic principles as
much as possible. All models are developed in a time-dependent scenario. Eliminating the
time derivatives in the models will result in corresponding steady-state models.

4.1 Lumped-Parameter Systems

This section includes the formulation of models incorporating mass, momentum and energy
balances in lumped-parameter systems.

4.1.1 Isothermal CSTR

This example involves macroscopic mass balance in the presence of chemical reactions in
a continuous-flow stirred-tank reactor i.e., CSTR. Widely used in chemical industry, this
reactor is typically used for species in liquid phase. Reactants are continuously fed to the
reactor where they react in an agitated mixture to form products. The latter are simultaneously
withdrawn from the reactor for further processing.

Consider the following set of elementary reactions with rate coefficients k1 and ko:

A+B.Cc  and B+C-D

The above reactions are carried out in the liquid phase at a constant temperature in the CSTR
shown in Figure 4.1 on the next page. The reactor is fed by liquid streams of reactants A
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liquid feed A

(Faf, caf) )
mixer

liquid feed B
(Fer, car)

product stream

(F,ca,cB,ccycp)

Figure 4.1 A CSTR carrying out liquid phase reactions at a constant temperature

and B, respectively, with (i) volumetric flow rates Far and Fg¢, and (ii) molar concentrations
car and cpr. The reactions result in the intermediate product C, and the final product D. The
products along with residual reactants are withdrawn at a volumetric flow rate F' from the
reactor. The molar concentrations in the product stream are ca, cg, cc, cp, respectively, for

A, B, Cand D.

Objective

It is desired to develop a model that would enable the determination of species concentrations
in the reactor as a function of time.

System

The system for this purpose is the reaction mixture inside the reactor.

Assumptions
We make the following assumptions for the model:

1. The temperature of the feed streams is the same as that of the reaction mixture, which
is kept constant.

2. The reaction mixture is perfectly mixed so that its composition is the same as that of
the product stream.

3. The volume of the reaction mixture is kept constant.

4. There is no vaporization loss of species.
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Model Formulation

To determine species concentrations in the system, we need mole balances in the presence of
chemical reactions. Applying Equation (3.6) on p. 66 for species A in the system (reaction
mixture), we get

d
—(VCA) = FAfCAf — FCA —+ (71€16ACB )V
dt — — ———
moles of A —A[NA] TA
in the system

where 74 is the rate of reaction of A. Since V' is constant, the above equation simplifies to

dea Farear — Fea
foa _ Iaear = 70 g 4.1
m v 1CACB 4.1

The mole balances for species B, C and D are similarly

dCB FBfCBf — FCB

—_— = —— — — 4.2
pn % + (—kicacg — kacgec) 4.2)
TB
de Fe
T; = —7(: + (k’1CACB — k‘gCBCC) (43)
rc

dCD FCD

—— = = 4.4
ar v + kicgec 4.4

D

where rg, rc and rp are, respectively, the reaction rates of B, C and D.

Each one of Equations (4.1)—(4.4) is a differential equation of first order with respect to
time and, therefore, needs a condition for integration. The conditions are usually provided at
the initial time, and are as follows.

Initial Conditions
With initial species concentrations in the reactor as cag, cgo, cco and cpg, the initial conditions
for Equations (4.1)—(4.4) are

Cj(O) = Cjo; jZA,B,C,D (45)

Summary

Equations (4.1)—(4.5) constitute the dynamic model of the CSTR. Given the specifications
for the parameter set

{Far, Fsr, F, car, cst, k1, ka2, V, cao, cBo, cco, cpo}
the involved differential equations need to be integrated simultaneously to obtain

CA — CA(t), CB = CB (t), Cc = Cc (t) and Cp = CD(t)
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Steady State Model
At steady state, the time derivatives in the differential equations [Equations (4.1)-(4.4),
previous page] become zero. The resulting algebraic equations,

FAfCAf — FCA — Vk‘chCB

0

Fgregr — Feg — V(kchCB + kQCBCC) =0
—Fec + V(kchCB — kQCBCC) 0

0

—Fep + VEiegee

constitute the steady state model of the reactor. Using the aforementioned specifications, this
model can be solved to obtain the steady state species concentrations.

4.1.2 Flow through Eccentric Reducer

This example involves macroscopic momentum balance in an eccentric reducer, which is
a connector for two different diameter pipes that are not in a straight line. This reducer is
commonly used to connect a pipe carrying liquid to a smaller diameter suction of a centrifugal
pump.

Consider liquid, of density p, flowing through a reducer shown in Figure 4.2 below. From

9(=y)

Figure 4.2 Liquid flow in and out of an eccentric reducer

the left end, the liquid enters the reducer along the horizontal x-direction with a constant
average velocity v1X across the cross-section area A;x. From the right end, the liquid exits
the reducer with a constant average velocity voni across the smaller cross-section area Asn
where 1 is the unit vector at an angle 6 with X, the unit vector along the z-direction. The fluid
is subject to gravity g(—y) where y is the unit vector along the vertical y-direction.
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Objective

It is desired to develop a model that would enable the determination of force exerted on the
reducer by the liquid flow.

System

The system for this purpose is the fluid inside the reducer.

Assumptions

We assume that at the entrance as well as exit of the reducer, (i) the fluid velocity is
perpendicular to the cross-section area, (ii) shear stresses are negligible, and (iii) pressures
are identical.

Model Formulation

To determine the force, i.e., rate of change of momentum, we need momentum balance.
Applying Equation (2.21) on p. 31 to the system, i.e., the fluid inside the reducer, we obtain
the rate of change of momentum along the z- and y-directions as, respectively,

dp=

el pv%Al - pv%Ag cos 6 and 4.6)
d
% = —pv2Aysinf — pVyg 4.7

where (i) p,, and p,, are the components of the system momentum along, respectively, the z-
and y-directions, and (ii) V' is the volume of the system.

Summary

Equations (4.6) and (4.7) provide, respectively, the x- and y-components of the force exerted
by the fluid on the reducer. To keep it secure, that force needs to be counteracted by an equal
and opposite force. This force is provided by reducer supports, and is given by

_ dp, . dpy A

F = et v Al (—pv%Al + pv2 Ay cos 9)5{ + (pngQ sinf + pVg)y

Given the specifications for the parameter set
{07 U1, V2, A17 AQa 93 ‘/7 g}

the above equation can be used to obtain F.

4.1.3 Liquid Preheater

This example involves a macroscopic mass balance, and the equation of change for
temperature in a liquid preheater. It is a unit that is used to mix and heat different liquid
streams. The mass balance accounts for any change in the liquid level inside the preheater.
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liquid stream 1
(F1,T1)

liquid stream 2 mixer

(F2, 1)

heater

OUtpUt stream
(F.T)

Figure 4.3 A liquid preheater

Figure 4.3 above shows the preheater, which is fed by two liquid streams of the same
composition but at different volumetric flow rates (£} and F3), densities (p; and ps), and
temperatures (77 and 75). The output stream from the preheater has a volumetric flow rate F’,
density p, and temperature 7.

Objective

It is desired to develop a model that would enable the determination of liquid level as well
as the temperature inside the preheater. We would like to include the possibility that the flow
rates, and temperatures of the feed streams may change with time.

System

The system for this purpose is the liquid inside the preheater.

Assumptions

We make the following assumptions for the model:

1. There is no chemical reaction, or phase change in the system.
2. The preheater is well-insulated so that the heat loss to the surroundings is negligible.

3. The liquid in the preheater is perfectly mixed so that the system temperature is the same
as that of the output stream.

4. The specific heat capacity of the liquid is constant in the range of temperature variation.
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5. The preheater has uniform cross-section area.

Model Formulation

To determine the liquid level in the preheater, we need mass balance. For the determination
of the system temperature, we will use the equation of change for temperature.

Mass Balance
Applying Equation (2.5) on p. 21 to our system (the liquid inside the preheater), we obtain

d
—|:Ahp:| = F1p1 +F2p2 7Fp
dt L —~
mass of the
system

where h is the liquid level inside the preheater of cross-section area A. The left-hand side of
the above equation expands as follows:

d ~ [,dp  dh] [, dpdT  dh
Aghe) = A[hdt+pdt} - A{th d pdt}

From the last two equations, we get after some rearrangement,

dh E[F1P1+F2p2—Fp_hd_pg} 8)

dat  p A dT dt

Equation of Change for Temperature
Applying Equation (3.13) on p. 71 to our system, we get

A dT A A . .
AhpCPE = F1p1Cp(Ty = T)+ FopsCp(To — T) + g}} + Wi
-a[q]
where (i) Cp is the specific heat capacity of the liquid, which is at temperature 7', (ii) Qn is

the rate of energy input by the heater, and (iii) W} is the rate of shaft work equivalent to the
power delivered by the mixer. Rearranging the above equation yields

drT 1 A A . .
— = ——— | F1p1Cp(Th —T) 4+ FopCp(Th —T) + + Wi 4.9
dt AhpCp[ 1P1 P( 1 ) 202 P( 2 ) Qn ] 4.9

Equations (4.8) and (4.9) are differential equations of first order with respect to time. Each
equation needs a condition for integration.

Initial Conditions
The initial conditions for Equations (4.8) and (4.9) are

h0) = hy and T(0) = T (4.10)

where hy is the initial height of the liquid with the initial temperature, 7Tj.
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Summary

Equations (4.8)—(4.10) constitute the dynamic model of the liquid preheater. Given the
specifications for the parameter set

{p(T)? P1; P2, F17 F27 F7 Aa éPy T17 T27 Qh? st h07 TO}
the involved differential equations need to be integrated simultaneously to obtain
h = h(t) and T = T(t)

At steady state, the time derivatives in the differential equations become zero, and the
model becomes independent of A and h. With the remaining parameters, the resulting
algebraic equations can be solved to obtain any two unknowns at the steady state. For
example, to find F' and T, the following set of parameters:

{p(T)a P1, P2, F17 FQa CA'Pv Tlv T27 th Ws}

should be specified.

4.1.4 Non-Isothermal CSTR

This example involves macroscopic mass and energy balances in a water-cooled CSTR that is
used to carry out an exothermic reaction in liquid phase. The following exothermic reaction
takes place in the CSTR [see Figure 4.4, next page]:

aA—l—bBL»cC—l—dD

where k is the reaction rate coefficient, and a, b, ¢ and d are stoichiometric coefficients. The
rate of reaction is given by

E
r = ko exp(—ﬁ>cicg (4.11)

where k is the pre-exponential factor, and F is the activation energy.

The reactor is fed by liquid streams of reactants A and B, respectively, with (i) volumetric
flow rates Fa¢ and Fpy, (i) molar concentrations cay and cgg, and (iii) temperatures Ta¢
and Tgs. The reaction results in products C and D. They are withdrawn, along with
residual reactants at temperature 7', and volumetric flow rate F' from the reactor. The molar
concentrations in the product stream are ca, cg, cc, cp, respectively, for A, B, C and D. The
heat generated in the reaction is taken away by cooling water circulated at temperature 7y in
the jacket around the reactor.

Objective

It is desired to develop a model that would enable the determination of molar concentrations
of species, and the temperature of the reaction mixture as a function of time.

System

The system for this purpose is the reaction mixture inside the reactor.



88 Process Modeling and Simulation for Chemical Engineers

liquid feed A
(Fat, car, Tar)
liquid feed B
(Fgr, B, Tpr)

mixer

cooling water in
e

cooling water out
-

product stream

(F,ca,cB,cc,cp, T)

Figure 4.4 A CSTR, which carries out a reaction in liquid phase

Assumptions

We make the following assumptions for the model:

1. The reaction mixture is perfectly mixed so that its properties are the same as that of the
product stream.

2. The volume of the reaction mixture is constant.

3. Inside the reactor jacket, cooling water is sufficiently agitated so that it is at uniform
temperature. Moreover, the flow rate of cooling water is high enough so that its
temperature stays constant.

4. The specific heat capacities of all streams are constant in the range of temperature
variation.

5. There is no vaporization loss of any species.

Model Formulation

To determine species concentrations in the system, we need macroscopic mole balances in
the presence of chemical reactions. To model system temperature, we require the macroscopic
equation of change for temperature.
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Mole Balances
Applying Equation (2.13) on p. 24 to our system (the reaction mixture inside the CSTR) for
the i'" species, we get

d
7 Ve) = Faca—Fe;+Vrs  i=AB,C,D

moles of the i

species in the system
where (i) V is the reactor volume, (ii) ¢; and c; are, respectively, the molar concentrations
of the it species in the reactor, and the feed stream, (iii) 7; = v;r is the rate of change of the
species due to the reaction, and (iv) Fj¢ and F' are the volumetric flow rates of, respectively,
the inlet feed stream of the species, and the outlet stream. Note that Fj; = c;f = 0 for the
products C and D, and v; is the stoichiometric coefficient of the i species as defined on
p. 64.

Since V' is constant, we obtain

de; Fici — Fey

T = — v + 1 1=A,B,C,D 4.12)

Equation of Change for Temperature
Applying Equation (3.13) on p. 71 to our system, we obtain

B
~ dT A .
VPCPE = E FiciM;Cpis(Tis = T) + [ -UA(T = T;) | + V(=AH)r + W,
i— P
i -a[g]

(4.13)

where (i) p, Cpand T are, respectively, the density, specific heat capacity, and temperature of
the system (reaction mixture), (i) M; is the molecular weight of the i species having Chit
and T;r as, respectively, the specific heat capacity, and temperature in the feed stream, (iii) U
is the coefficient of heat transfer across the area of thermal contact A between the reaction
mixture, and cooling water, (iv) (—AH,) is the heat of reaction, and (v) W is the rate of shaft
work provided by the mixer.

Equations (4.12) and (4.13) are differential equations of first order with respect to time.
Each of these equations needs a condition for integration.

Initial Conditions
The initial conditions for Equations (4.12) and (4.13) are, respectively,

¢;(0) = co, i=A,B,C,D, and T(0) = Tp (4.14)

where c; is the initial concentration of the i species in the system at initial temperature Tp.

Summary

Equations (4.11)—(4.14) constitute the dynamic model of the non-isothermal CSTR. Given
the specifications for the parameter set

{FAfa FBf7 CAf, CBf, MA; MB» Va kOv a, b» &) d7 Ea Ra Ps CP»
Cpar, Crar, Tar, Tor, U, A, T;, —AH,, Wy, cao, cBo, cco, cpo, To}
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the involved differential equations need to be integrated simultaneously to obtain
CA = CA(t), Cg = CB (t), Cc = Cc(ﬁ), Cp = CD(t) and T = T(t)

At steady state, the time derivatives in the differential equations become zero, and the
model becomes independent of p and Cp. With the remaining parameters, the resulting
algebraic equations can be solved to obtain the species concentrations, and temperature at
steady state.

4.2 Distributed-Parameter Systems

This section illustrates model formulation in distributed-parameter systems in Cartesian,
cylindrical and spherical coordinates. Balance equations are derived on differential elements.
The example on tapered fin [p. 96] illustrates model formulation when a system has a spatial
variation in its size. Time-dependent system volumes with constant and variable density
assumptions are handled, respectively, in examples from solvent induced heavy oil recovery
[p. 108], and hydrogel tablet [p. 112]. The last two examples on Horton sphere [p. 119], and
reactions around solid reactant [p. 122] deal with model formulation in complex interacting
systems.

4.2.1 Nicotine Patch

This example involves microscopic mass balance of nicotine released slowly to the blood
stream from a patch worn on the skin surface. The patch is used as a therapeutic device to
help people quit smoking.

Figure 4.5 on the next page shows the transfer of nicotine from the patch on skin surface
through the skin and fat layers into underlying blood vessels. The breadth and width of the
patch are X and Z, respectively. The mass flux of nicotine is f along the depth, which is the
y-direction across the xz-plane. The thicknesses of skin and fat layers are, respectively, Y
and (Y; — ;).

Objective

It is desired to develop a model that would enable the determination of (i) nicotine mass
fraction in the skin and fat layers at different depths and times, and (ii) the rate of nicotine
delivery to the blood stream.

System

In this example, nicotine mass fraction is a function of the y-coordinate in the skin and fat
layers. Hence, the system for nicotine mole balance in each layer comprises a rectangular
differential element of thickness Ay along the y-direction. Figure 4.5 shows the differential
element in the skin layer.

Assumptions

We make the following assumptions for the model:
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Figure 4.5 Nicotine flux through skin and fat into the blood vessels

1. Nicotine mass fraction in the skin and fat layers is a function of depth (i.e., the y-
direction) and time.

2. The diffusivities of nicotine in the two layers are constant.
3. While the flux of nicotine is only along the y-direction, the flux of other species is zero.

4. Nicotine uptake by blood is fast enough so that the nicotine mass fraction is zero at the
interface between fat layer, and blood vessels.

5. The densities and thicknesses of the skin and fat layers are constant.

Model Formulation

To determine nicotine mass fraction, and delivery rate, we need nicotine mass balance in
differential elements in the skin and fat layers. Applying Equation (2.4) on p.21 to the
differential element in the skin layer, we get

d
E(AQXZPsWs) = (fa-A)y — (- A)ysny

nicotine mass — Alnicotine mass]
in the system
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where (i) w; is the nicotine mass fraction in the skin layer of density ps, and (ii) f; is the
net mass flux of nicotine in the layer across the area A = X Zy. In the above mass balance,
using the first order Taylor expansion of (f;, - A), 1, and taking the limit of Ay to zero [see
Section 8.8.2, p. 323], we obtain after simplification

0 0
a(dyXZPsWs) = _%(fn'A)dy 4.15)

Considering the flux f, of species other than nicotine to be zero in the skin layer,
Equation (2.10) on p. 23 yields

=0
~ . D < 8(&)‘,\
foo= w(fi+f) + J = £, = _%a—yg
total flux — Dy ps Baws v :
Y

(from Fick’s law)

where Dy is the diffusivity of nicotine in the skin layer. Substituting the above expressions of
A and f; in Equation (4.15) above, we obtain

0 (yXZpew) =

0 (_ Dps 0w,
ot

—— | - XZ)d
dy 1—ws Oy >y

Since X and Z are constant, dy is independent of £, and Ds and ps are assumed to be constant,
the above equation simplifies to

Owy B 0 1 Ouws
o Dsﬁy (1 —ws dy > (4.16)

In the same manner, we obtain for the fat layer

an i 0 1 aUJf
ot Df@y (1 —wr y > @17

where wy and Dy are, respectively, the mass fraction, and diffusivity of nicotine in the fat
layer.

Equations (4.16) and (4.17) are partial differential equations of (i) first order with respect to
t, and (ii) second order with respect to y. Thus, for integration, each equation needs an initial
condition, and two conditions on the y-axis. The conditions on a spatial axis are usually
provided at the terminal points, and are called boundary conditions.

Initial Conditions
Initially, nicotine mass fraction is wq at the outer skin surface, and zero elsewhere. Thus, the
initial conditions are

ws(0,0) = wo, ws(y,0) 0V O0<y<Y; (4.18)
wi(y,0) = 0V Yy <y<Y; 4.19)
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Boundary Conditions
While nicotine mass fraction stays wy at the outer skin surface, nicotine flux in the skin layer
is equal to that in the fat layer at the skin—fat interface. Moreover, nicotine mass fraction is
assumed to be zero at the fat-blood interface.
Hence, the boundary conditions for Equation (4.16) on the previous page at any time ¢ > 0
are
Dgpy 0w Drps %

s(0,t) = d - = -
ws(0,) wo an 1—ws Oy 1—wr Jy

at y=Y, (4.20)

where pr is the density of the fat layer. The boundary conditions for Equation (4.17) on the
previous page at any time ¢ > 0 are

Dgps Ows Drps Ows
_ > = — — at =Y, d (Yr,t) = 0 421
1—ws Oy l—woy Y70 A wi(Vi, 1) “.21)
Summary

Equations (4.16)—(4.21) constitute the dynamic, distributed-parameter model of nicotine
transfer through the skin and fat layers. Given the specifications for the parameter set

{D87 va }/Sv }/f7 Wwo, Pss Pf}
the involved differential equations need to be integrated simultaneously to obtain
Wy = ws(yv t) and wf = Wf(y, t)
Steady State Model

At steady state, the time derivatives become zero in Equations (4.16) and (4.17). The resulting
equations are

1 6wi 2 1 82(,01
il B — 0. i=sf
<1—w18y) +1—w18y2 ' L=5

which are independent of the diffusivities. With the remaining parameters, the above
differential equations can be integrated simultaneously using the boundary conditions to
obtain steady state mass fraction of nicotine in the skin and fat layers at different depths,
namely, s = @s(y), and &g = &s(y).

Nicotine Delivery Rate
With additional specifications for X and Z, the rate of nicotine delivery to the blood stream
can be calculated from

1 an
£ . A = —-D — | XZ
(f,-A),, fpf(lwf 8y)yf

4.2.2 Fluid Flow between Inclined Parallel Plates

This example involves microscopic momentum balance in a fluid between two parallel plates
separated by distance Z, and inclined at angle # with the horizontal [Figure 4.6, next page].
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Figure 4.6 Fluid flow between inclined parallel plates

The width and length of the plates are X and Y, respectively. While the bottom plate is
stationary, the top plate moves at a velocity v, along the y-direction, and pulls the fluid along
with velocity v. The latter is dependent on the z-coordinate. The fluid does not flow in the z-
and z-directions, and is subject to gravity g along the downward, vertical direction. It is at an
angle (7 — 0) to z, which is the unit vector along the z-direction.

Objective
It is desired to develop a model that would enable the determination of the fluid velocity
between the parallel plates in the z-direction at different heights and times.

System

In this example, the fluid velocity is a function of the z-coordinate. Hence, the system
for momentum balance is a rectangular differential element of thickness Az along the z-
direction, as shown in Figure 4.6 above.
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Assumptions
We make the following assumptions for the model:

1. The fluid is Newtonian. It has constant density p and viscosity p, and moves only along
the y-direction.

2. Along the y-direction, the fluid velocity v, is a function of height (the z-coordinate)
and time.

3. Where the fluid comes in contact with a plate (i.e., at z =0 and z = Z), the fluid
velocity is equal to the plate velocity. This assumption is also known as the no-slip
boundary condition.

4. The system pressure P is constant along the y-direction.

Model Formulation

To determine fluid velocity, we need momentum balance in our system, i.e., the differential
fluid element. We will use Equation (2.1) on p. 18 with € as the momentum along the y-
direction, and €;, or €y as the product of a momentum flux along that direction, and the area
it crosses. The generation term €gey, is zero, and éey, is due to gravity.

The momentum fluxes due to motion along the y-direction, and transmitted along the y-,
x- and the negative z-direction are, respectively, [see Equation (2.19), p. 28]

2 2
Qf’yy - @+pvy+P = pvy+Pa

=0
¢zy = Tzy TPV Vy = = 0, and
~—r A
=0
bzy = (sz+ P Yz Vy) = Ty
=0

because v, = v, (2) and is the only non-zero velocity. Using Equation (2.1) on our system,
we obtain,

dt
system momentum =0

in the y-direction + AzXYp(—g sin 9)

d
1 XYAZpUy) = (¢zyXY)z+Az - (¢zyXY)z + (¢yyAZX)y:0 - (¢yyAZX)y:Y
N———

In the above equation, the terms with ¢,, cancel each other out because v, and P do not
vary along the y-direction. Using the first order Taylor expansion of (¢,,XY"), 1A, taking
the limit of Az to zero, and substituting for ¢.,,, we obtain after simplification

%(Xdepvy) = a%(frzyXY)dz—dengsinﬂ

Since p, X and Y are constants, and dz is independent of ¢, the above equation simplifies to

Ovy _ 107y
o p 0z

— gsinf
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Upon substituting for 7,,, = —udv,/0z with constant £, we finally obtain
vy w 0%v, ,
-4 =B — 0 4.22
ot p 022 gs (4.22)

Equation (4.22) is a partial differential equation of (i) first order with respect to ¢, and
(i) second order with respect to z. Thus, for integration, that equation needs an initial
condition, and two boundary conditions on the z-axis.

Initial Condition
Initially, the fluid velocity is zero throughout. Thus, the initial condition for Equation (4.22)
above is

v,(2,0) = 0V 0<z2<Z (4.23)

Because of the no-slip condition, the fluid velocity is equal to the plate velocity where fluid
and plate contact each other. Therefore, the boundary conditions at any time ¢ > 0 are

0 at z=0
vy(z,t) = o at - 7 (4.24)
> =

Summary

Equations (4.22)—(4.24) constitute the dynamic, distributed-parameter model of momentum
transfer from a moving plate through a fluid layer to an underlying stationary plate. Given the
specifications for the parameter set

{w, p, 9,0, Z, vy}

the involved differential equation needs to be integrated to obtain v, = v, (z,t).

At steady state, the time derivative in Equation (4.22) becomes zero. The resulting
differential equation can be integrated using the boundary conditions to obtain the steady
state fluid velocity, 0, = 7, (2).

4.2.3 Tapered Fin

This example involves the equation of change for temperature in a tapered fin designed to
dissipate heat to the surroundings in tight spaces. Figure 4.7 on the next page shows the
schematic of a tapered fin with the surroundings at temperature 7,. The left end of the fin is
of thickness 27, and is at the wall temperature T5,. The fin has width X, and is symmetrical
across the xy-plane.

At a given y, the extent of the fin is z(y) along both the positive and negative z-directions.
The fin has heat flux q due to conduction along the length, which is the y-direction across the
xz-plane. In addition, the fin loses heat to the surroundings from the top and bottom surfaces.

Objective

It is desired to develop a model that would enable the determination of temperature in the fin
at different lengths and times.



4. Model Formulation 97

Figure 4.7 Heat transfer in a tapered fin

System

In this example, the fin temperature is a function of the y-coordinate. Hence, the system for
the equation of change for temperature is a rectangular differential element of thickness Ay
along the y-direction, as shown in Figure 4.7 above.

Assumptions

We make the following assumptions for the model:

1. Temperature in the fin is a function of length (the y-coordinate) and time.
2. There are no temperature gradients in the fin along the x- and z-axes.

3. The density p, and thermal conductivity k of the fin are constant in the operating range
of temperature.

4. The fin is thin enough so that heat loss to the surroundings is negligible from the sides.
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Model Formulation

To determine the fin temperature we need to apply the equation of change for temperature in
a uniform system, i.e., Equation (3.14) on p.71. Applying this equation to our system (the
differential fin element), we obtain

. dT
AVpCr— = (a-A)y —(a-A)ysay — h(2XAY)(T - T,)
e dt
system —A[Q]

mass

where (i) AV = 2zXAy is the volume of the system, (ii) C’p and T are, respectively,
the specific heat capacity, and temperature of the system, (iii) q = (—k90T/Jy)y is the
conductive heat flux in the fin across the area A = (22X)y, and (iv) h is the coefficient
of convective heat transfer between the fin and the surroundings.

In the above equation of change for temperature, the second and third terms account for
conductive heat transfer, respectively, in and out of the system. The last term accounts for
the heat loss from the upper and lower surfaces (each of area X Ay) of the fin element to the
surroundings. Using the first order Taylor expansion of (q - A),+a,., and taking the limit of
Ay to zero, we obtain after simplification

., 0T 0

dVpCp— = ——(q-A)dy —2rXdy(T — T,
PCr 5, 9 (q-A)dy y( )
where dV' = 22 X dy. Substituting for dV/, q and A in the above differential equation, we get
., OT 0 oT
2zXdypCp— = ——|—k—(22X)|dy — h(2Xdy)(T — T,
XaypCey = — 5| <RG0y - nexan(T - 1)

Considering that z = z(y) and X is constant, the above differential equation yields upon
simplification

oT 1 { ( 0T 0T dz

ot z2pCp dy dy dy

Equation (4.25) is a partial differential equation of (i) first order with respect to ¢, and

(i) second order with respect to y. Thus, for integration, that equation needs an initial
condition, and two boundary conditions on the y-axis.

) — n(T — Ta)} (4.25)

Initial Condition
The fin is assumed to be initially at uniform temperature 7Ty except at the wall, which is
always at temperature 7T,. Hence, the initial condition for Equation (4.25) above is

To V 0<y<Y

T(y,0) = {T at y—0 (4.26)

Boundary Conditions
While the left end of the fin is at the wall temperature, the right end is assumed to have no heat
transfer, i.e., zero temperature gradient. Hence, the boundary conditions for Equation (4.25)
above at any time ¢ > 0 are

oT

T =T, at y=0 and %:Oaty:Y (4.27)
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Summary

Equations (4.25)—(4.27) constitute the dynamic, distributed-parameter model of heat transfer
in a tapered fin. Given the specifications for the parameter set

{pv CYP7 Z(y)a k? h7 Tav T07 Twa Y}

the involved differential equation needs to be integrated to obtain 7' = T'(y, t).

At steady state, the time derivative in Equation (4.25) becomes zero. The resulting
differential equation is independent of p and Cp. With the remaining parameters, this equation
can be integrated using the boundary conditions to obtain the steady state fin temperature,
T=T(y).

4.2.4 Continuous Microchannel Reactor

This example involves microscopic mass and momentum balances in a continuous
microchannel reactor designed to grow cells for tissue engineering.! As shown in Figure 4.8
below, the reactor is a rectangular channel of width X and length Y, and has a cellular layer
of height Z; at the bottom. A mixture of species, such as nutrients and metabolites needed
for cell growth, flows along the length (i.e., the horizontal y-direction) in the space above

Figure 4.8 Schematic of a continuous microchannel reactor
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the cellular layer up to the height Z5. The species diffuse vertically down along the negative
z-direction to feed the cells in the layer. At the same time, the metabolic products released by
cells diffuse out from the layer, and leave the reactor.

Objective

It is desired to develop a model that would enable the determination of (i) species mole
fractions at different heights, lengths and times, and (ii) the bulk velocity at different heights
and times in the flow region above the cellular layer in the reactor.

System

In this example, species mole fractions are functions of the y- and z-coordinates. Hence, the
system for mole balances is a rectangular differential element of thicknesses Ay and Az
along the y- and z-directions, respectively. On the other hand, the bulk velocity v, along the
y-direction is a function of only the z-coordinate. Thus, the system for momentum balance
is a rectangular differential element of thickness Az along the z-direction. Figure 4.8 on the
previous page shows the two differential elements.

Assumptions

We make the following assumptions for the model:

1. Species mole fractions in the flow region are functions of length (y-coordinate), height
(z-coordinate), and time.

2. The change in total molar concentration ¢ with height is negligible at any time in the
flow region.

3. The diffusivities of all species, N, in number, are constant.
4. Along the y-direction, the diffusive fluxes are insignificant compared to the bulk flux.

5. Along the z-direction, the diffusive flux of the i'" species is given by —D;cdy; /0z,
where D; and y; are, respectively, the diffusivity and mole fraction of the species.

6. The heights of the cellular layer and flow region, respectively, Z; and Z5, are constant.

7. The bulk velocity is only along the y-direction, and is a function of height (z-
coordinate), and time.

8. The species mixture in the flow region behaves as a Newtonian fluid of constant density
p and viscosity fi.

9. Mass transfer is negligible across the top surface, i.e., the zy-plane at Z,.

Model Formulation

To determine the species concentrations, and bulk velocity, we need species mole balances,
and momentum balance.
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Species Mole Balances
Applying Equation (3.6) on p. 66 for the i species in our system (the rectangular differential
element of height Az, width X, and length Ay in the gas phase), we get

d
d_t(Avcyi) = (Fi-AA)y — (Fi- AA)yiay + (Fi- AA)4a. — (Fi- AA),

moles of the 7"
species in the system

where y; is the mole fraction of the i species in the system of volume AV = X AyAz, cis
the molar concentration in the system, and F'; is the molar flux of the species across the area
AA. Note that there is no reaction in the gas phase.

Along the y-direction, F; = (v,cy;)y, and AA = (XAz)y. Along the z-direction, since
there is no bulk movement, F; = J; = —D;c0y;/0z(—%) across the area AA = (AyX)z.

In the above mole balance, we use the first order Taylor expansions of (F; - AA), 1Ay
and (F; - AA), ., take the limits of Ay and Az to zero, and substitute the expressions for
system volume, fluxes and areas. The result after simplification is

0 0 0 0yi
E(Xdydzcyi) = —a—y(vycindz)dy + P (Dic 8; dyX) dz
Because dy is independent of ¢ and z, X is constant, dz is independent of ¢ and y, and c is
assumed to be independent of z, the above equation simplifies to

Oy; dc 0 0%y;

= —yin — o (vyey:) + Dic s 4.2
S Yigy ay(vycy)+ €522 (4.28)

Overall Mole Balance
The mole balance of all species in the system is given by

d
E(\AVC,) = (Fy ’ AAy)y - (Fy ’ AAy)y+Ay + (Fz “AA;)n: — (Fr - AAZ)z

moles of all
species in the system

where (i) Fy = (vyc)y is the flux of all species along the y-direction, and across the area
AAy = (XAz)y, and (ii) F, is the diffusive flux of all species along the z-direction, and
across the area AA, = (X Ay)z.

In the above mole balance, we use the first order Taylor expansions of (Fy - AAy), Ay
and (F, - AA,). 1A, take the limits of Ay and Az to zero, and substitute the expressions
for the fluxes and areas. The result after simplification is

e 0 Y9y,
i —@(Uyc)—kc;Dj 5.2

Substituting the above equation in Equation (4.28) above and simplifying the result, we finally
obtain

;i Ay; 8%y, N
TN S TR S0 @29)
j=1

2.
ot Y oy 072
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Momentum Balance

Keep in mind that there is only one non-zero velocity v,, which is along the y-direction,
and varies only along the z-direction. The relevant momentum fluxes are ¢, ¢, and ¢.,,
respectively. The first two fluxes, similar to those in Section 4.2.2 on p. 93, are

¢yy = pvy+P and ¢y = 0.

The last one is ¢, = 7, which is taken to be transmitted along the positive z-direction.

Applying Equation (2.1) on p. 18 with € as the momentum of the system (the rectangular
differential element of height Az, width X, and length Y in the flow region) in the y-
direction, we obtain

d
&(XYAZP%) = (¢zyXY)z - (¢zyXY)z+Az + (¢yyXAZ)y:0 - (¢yyXAZ)y:Y

system momentum

in the y-direction
In the above differential equation, using the first order Taylor expansion of (¢., XY'). A,
and taking the limit of Az to zero, we obtain after simplification

9 |
a(Xyol,zpvy) = —£(¢ZyXY)dz+(¢ydez)y:0—(¢ydez)y:Y

Since p, X and Y are constant, dz is independent of ¢, and v, is invariant along the y-
direction, the above equation after substituting the fluxes simplifies to

AP

—N—

Ovy, 1 (0m, n Py—y — Py—o

o p\ 0z Y
where AP is the pressure difference across the reactor length. Since 7., = —pdv,/0z, and
(4 1S constant,

vy 1/ 0*v, AP

I _ = _ = 4.30

ot p <M 022 Y (430)

Equation (4.29) on the previous page is a partial differential equation of (i) first order with
respect to t as well as y, and (ii) second order with respect to z. Thus, for integration, that
equation needs an initial condition, one boundary condition on the y-axis, and two boundary
conditions on the z-axis. Equation (4.30) is a partial differential equation of (i) first order
with respect to ¢, and (ii) second order with respect to z. Thus, for integration, that equation
needs an initial condition, and two boundary conditions on the z-axis.

Initial Conditions

Initially, the concentration of the i species is specified as 7;o at the reactor entrance but
zero elsewhere. Moreover, there is no flow of species at the initial time. Hence, the initial
conditions for Equation (4.29) on the previous page and Equation (4.30) above are

{yiO at y =0

’y‘y,Z,O =
il ) 0 VOo<y<Y

} V Z1 <2< 2, 4.31)

vy(2,0) = 0V Z1 <2< 2 (4.32)
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Boundary Conditions

At all times, the concentration of the i species is maintained as y;( at the reactor entrance.
Along the z-direction, and at the cellular-layer—gas interface, the rate of mass transfer of the
i™ species is considered equal to its rate of generation in the layer. Since mass transfer is
negligible at the top surface, the mole fraction gradient over there is zero. As to the velocity
vy, it is zero at the cellular-layer—gas interface as well as at the top surface due to the no-slip
condition. With these considerations, the boundary conditions at any time ¢ > 0 are

Yi(y,z,t) = yio at y=0V Z1 <z2<2,

0y;

7cha— = Rgen,izl at z = Zl
8Z VO0<y<Y (4.33)

ay; =0 at z = Zg
vy(z,t) = 0 at z= 21,2, (4.34)

where Rgen,; is the rate of generation of the i species in the cellular layer per unit volume.

Summary

Equations (4.29)—(4.34) constitute the dynamic, distributed-parameter model of mass and
momentum transfer in a microchannel reactor. Given the specifications for the parameter set

{07 Disa YioS, Rgen,isa s P, APa }/7 Zla ZQ}

the involved differential equations need to be integrated simultaneously to obtain each
vi = ¥i(y, 2, t), and v, = vy (2,1).

At steady state, the time derivatives become zero in Equations (4.29) and (4.30). The
resulting differential equations can be integrated using the boundary conditions to obtain at
steady state, the species velocity 9, = ¥,(z), and mole fraction §; = g;(y, z) of each species.

4.2.5 Oxygen Transport to Tissues

This example involves microscopic mass balance in a cylindrical tissue [see Figure 4.9, next
page] surrounding a capillary that supplies oxygen.”> From the capillary surface at R;, oxygen
penetrates the tissue whose outermost radius is Ry. The molar flux of oxygen in the tissue is
F in the r-direction.

As shown in the figure, there are points of symmetry where tissue cylinders touch one
other in a capillary cluster. At these points, the gradient of oxygen concentration is zero [see
Appendix 4.B, p. 133]. Given that tissue cylinders have extremely small radii, the points of
symmetry are so many that the entire surface of tissue at radius Ry has almost zero gradient
of oxygen concentration.

Objective

It is desired to develop a model that would enable the determination of oxygen mole fraction
at different radii and times in the tissue around a capillary.
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point of
- symmetry

front view of a capillary cluster

Figure 4.9 Oxygen transfer from blood to the surrounding tissue

System
In this example, the oxygen mole fraction in the tissue is a function of the r-coordinate.
Hence, the system for oxygen mole balance is a cylindrical differential element (an annulus)
of thickness Ar along the r-direction, as shown in Figure 4.9 above.
Assumptions
We make the following assumptions for the model:

1. Oxygen mole fraction in the tissue is a function of radial distance and time.

2. The diffusivity of oxygen in the tissue is constant.

3. The change in total molar concentration with radial distance is negligible at any time
in the tissue.

4. The radial gradient of oxygen at the tissue surface can be neglected due to numerous
points of symmetry of contiguous tissue cylinders of very small radii.

5. The thickness of the tissue is constant.

Model Formulation

To determine oxygen concentration in the tissue, we need mole balance. Applying
Equation (3.6) on p.66 for the moles of oxygen in the system (the annulus in the tissue),
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we get

d
E(Avcy) - (FOz : A)T - (F02 ’ A)7‘+A7‘ - A‘/7'02

oxygen moles
in the system

where (i) y is the oxygen mole fraction in the system of volume AV = 7[(r + Ar)? —r?|Z
with Z as capillary length, (ii) ¢ is the molar concentration of all species in the system,
(iii) Fo, is the molar flux of oxygen across the area A = (277 Z)t, and (iv) ro, is the rate of
oxygen consumption in the tissue per unit volume.

Since there is no bulk movement along the r-direction, Fo, = (—Dcdy/0r)f, where D is
the diffusivity of oxygen in the tissue. In the above mole balance, we use the first order Taylor
expansion of (Fo, - A),ar, take the limit of Ar to zero, and substitute the expressions for
the flux and area. The result after simplification is

d 0 dy
E(chy) = 5 |:—DCE(27TTZ):| dr — (dV)ro,

where dV = 2nrdrZ. Since r and dr are independent of ¢, and ¢, D and Z are constant, the
above equation simplifies to

dy DO ( Oy TO,
o " 75(%) e (4:35)

Equation (4.35) is a partial differential equation of (i) first order with respect to ¢, and
(i1) second order with respect to r. Thus, for integration, that equation needs an initial
condition, and two boundary conditions on the r-axis.

Initial Condition
Initially, oxygen mole fraction in the tissue is y, except at the blood-tissue interface, which
is always at y¢. Hence, the initial condition for Equation (4.35) above is

Yo V B1<r <Ry
y(r,O) -
ye at r =R,

(4.36)

Boundary Conditions
While the blood-tissue interface has oxygen mole fraction y, the tissue periphery has no
oxygen transfer, i.e., zero gradient of y. Hence, the boundary conditions for Equation (4.35)
above at any time ¢ > 0 are

Ay

y = y at 7 =Ry and o = 0 at r= Ry 4.37)
r

Summary

Equations (4.35)—(4.37) constitute the dynamic, distributed-parameter model of oxygen
transfer in a tissue around a blood capillary. Given the specifications for the parameter set

{D7 ¢, Togs Yo, Yt R17R2}
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the involved differential equation needs to be integrated to obtain y = y(r, t).

At steady state, the time derivative in Equation (4.35) becomes zero. The resulting
differential equation can be integrated using the boundary conditions to obtain the steady
state oxygen mole fraction in the tissue, § = §(r).

4.2.6 Dermal Heat Transfer in Cylindrical Limb

This example involves the equation of change for temperature in the skin layer of a cylindrical
limb.3 As shown in Figure 4.10 below, the layer surrounds the core of the limb of radius Ry,

" pone

- skin tissue

" skin surface

Figure 4.10 Heat transfer in the layer of skin of a cylindrical limb

and extends to the outer radius Ro. While the core is at temperature 7, the layer of skin is fed
by blood, which has volumetric flow rate F', and is at temperature 7;,. The limb is exposed to
the surroundings at temperature 7.

Objective

It is desired to develop a model that would enable the determination of skin temperature at
different radii and times.
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System

In this example, the temperature in the skin layer is a function of the r-coordinate. Hence, the
system for the equation of change for temperature is an annulus of thickness Ar along the
r-direction, as shown in Figure 4.10 on the previous page.

Assumptions

We make the following assumptions for the model:

1. Temperature in the skin layer is a function of radial distance and time.

2. While heat conduction is only along the r-direction, blood flows only along the axial
z-direction.

3. At any fixed radial distance, the temperature of blood in the tissue and at the exit is the
same as the tissue temperature.

4. The density and thermal conductivity of the skin layer as well as blood are constant in
the range of temperature variation.

Model Formulation

To determine the tissue temperature 7" in the skin layer, we need the equation of change for
temperature. Applying Equation (3.13) on p. 71 to our system (the skin annulus), we obtain

A dT A
AVpCr— = (AVpo ' )Cpo(Th = T) + (a- A)r — (- A)pyar + AVHy
e dt SN——

system mass flow rate ,A[Q']
mass of blood

where (i) AV = [(r + Ar)? — 2] Z is the volume of the annulus of length Z, (ii) p, Cp and
T are, respectively, the density, specific heat capacity, and temperature of the tissue (system),
(iii) q = (—k9T/Or)t is the conductive heat flux, with k as the heat conductivity, across the
area A = (2mrZ)t, (iv) py is blood density, (v) F is the rate of blood perfusion (volumetric
blood flow rate per unit tissue volume), (vi) épb is the specific heat capacity of blood, and
(vii) Hy, is the rate of metabolic heat generation per unit volume in the tissue.

In the above equation of change for temperature, using the first order Taylor expansion of
(q- A),+Ar, and taking the limit of Ar to zero, we obtain after simplification

~ 0T - A
dV,DCp%T = dvprCpb(Tb — T) 88 (q . A)d?" + dVHm

Cor
where dV' = 2nrdrZ. Substituting for dV', q and A in the above differential equation, and
simplifying the result, we get

oT 1 ~ o*T 10T
5 Cr PoF Chy (T )+ (5'7”2 + . 37”) + :| ( )
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Equation (4.38) is a partial differential equation of (i) first order with respect to ¢, and
(i) second order with respect to r. Thus, for integration, that equation needs an initial
condition, and two boundary conditions on the r-axis.

Initial Condition

Initially, the tissue temperature is 7j, except at the core—tissue interface, which is always at
the core temperature 7. Hence, the initial condition for Equation (4.38) on the previous page
is

To ¥V Ri<r <R,
T(r,0) = (4.39)

TC at T:Rl

Boundary Conditions
While the temperature at core—tissue interface is 7¢, the conductive heat flux in the tissue at
the periphery is equal to the convective heat flux in the surroundings. Hence, the boundary
conditions for Equation (4.38) on the previous page at any time ¢ > 0 are
orT
T =1, at r=Ry and — ka— = h(T —T,) at r= Ry (4.40)
r
where T, is the temperature of the surroundings, and h is the convective heat transfer
coefficient.

Summary

Equations (4.38)—(4.40) constitute the dynamic, distributed-parameter model of heat transfer
in the skin tissue of a cylindrical limb. Given the specifications for the parameter set

{P7 ép7 Pb, Fa épb, Tba kv Hma TOija R17 RQa Ta7 h}

the involved differential equation needs to be integrated to obtain T' = T'(r, t).

At steady state, the time derivative in Equation (4.38) becomes zero, and the model
becomes independent of p and Cp. With the remaining parameters, the resulting differential
equation can be integrated using the boundary conditions to obtain the steady state oxygen
mole fraction in the tissue, 7' = 7'(r).

4.2.7 Solvent Induced Heavy Oil Recovery

This example involves microscopic and macroscopic mass balances in a lab-scale physical
model of a heavy oil reservoir — a porous medium of heavy oil, and glass beads packed
together as a cylinder of radius R, and initial height Z; [see Figure 4.11, next page].

The physical reservoir model is designed to investigate gravity-assisted oil recovery using
a gas-phase solvent such as carbon dioxide, butane and propane.* During an experiment, the
solvent penetrates the cylinder from the surroundings, and, upon absorption, brings down the
viscosity of the oil assumed to be of constant density. This oil-solvent mixture flows due
to gravity, and is produced at the bottom. As a result, the height of the physical reservoir
model decreases with time. Hence, this is an example of a moving boundary problem with
constant density assumption.
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produced oil

Figure 4.11 A lab-scale physical model of a heavy oil reservoir

Objective

It is desired to develop a model that would enable the determination of (i) solvent mass
fraction in the physical reservoir model at different heights, radial distances, and times, (ii) the
height of the oil-solvent mixture in the physical reservoir model at different radial distances
and times, and (iii) rate of production of heavy oil, i.e., the oil-solvent mixture.

System

In this example, the solvent mass fraction in the physical reservoir model is a function of the
r- and z-coordinates. Hence, the system for solvent mass balance is a cylindrical differential
element (an annulus) of thicknesses Ar and Az, respectively, along the r- and z-directions,
as shown in Figure 4.11 above. Next, the height (and mass) of the oil is a function of time
and r-coordinate. Hence, the system for the oil-solvent mass balance is the same annulus but
of height Z, which is a function of time.
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Assumptions

We make the following assumptions for the model:
1. Solvent mass fraction in heavy oil is a function of radial distance, height and time.

2. The height of heavy oil in the physical reservoir model is a function of radial distance,
and time.

3. Diffusivity of the solvent is not constant but a known function of its mass fraction in
heavy oil.

4. Along the vertical z-direction, the diffusive flux of solvent is insignificant compared to
the bulk flux.

5. Bulk flux is only along the z-direction, and is given by Darcy’s law.
6. The density of the mixture of solvent and heavy oil is constant.

7. There are no chemical reactions.

Model Formulation

To determine solvent mass fraction, we need solvent mass balance. The determination of the
height of the oil, and its production requires mass balance for the oil-solvent mixture.

Solvent Mass Balance
Applying Equation (2.4) on p. 21 for the solvent mass in the system, which is an annulus of
thicknesses Ar and Az in the physical reservoir model, we obtain

d
E(AVPQSW) = (fr : AAr)r+Ar - (fr : AA[)T + (fz . AAz)erAz - (fz . AAZ)Z

solvent mass
in the system

where (i) AV = 27rArAz is the volume of the annulus, (ii) p is the density of the oil-solvent
mixture, (iii) ¢ is the porosity of the physical reservoir model, (iv) w is solvent mass fraction,
and (v) f; and £, are the solvent mass fluxes, respectively across areas AA, = 2rrAzt, and
AA, =2nrArz.

Along the r-direction, since the total bulk flux is zero, the solvent flux is the diffusive
flux, i.e., f; = —Dp¢pdw/Or(—rt) with D as solvent diffusivity. Along the z-direction, since
diffusive flux is negligible, f, = wpv,(—2) where v, is downward, vertical velocity of the
oil-solvent mixture.

Using the first order Taylor expansions of (£ - AA,), A, and (f, - AA,). 1A, taking the
limits of Ar and Az to zero, and substituting the expressions for the fluxes and areas, the
solvent mass balance becomes

%(degbw) = % (ngbg(:%rrdz) dr — ;—Z(wpvz%rrdr)dz
where dV' = 27mrdrdz. Since r and dr are independent of ¢ as well as 2, dz is independent of
t as well as 7, and p and ¢ are constant, the above equation simplifies to

Ow 1ow 82w\ 0D [ow\® 1 v, Ow
o D(zw*w)*w(a) ‘5(”2*%&5 (4-41)
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In the last equation, v, is given by Darcy’s law, i.e.,

Kopg
p(w)

(4.42)

. =

where K, is the effective permeability of the oil, g is gravity, and p is the oil viscosity as a
known function of solvent mass fraction w. Note that v, = v,[w(r, z,t)].

Oil-Solvent Mass Balance

Applying Equation (2.4) on p. 21 for the mass of the oil-solvent mixture in the system, which
is an annulus of differential thickness Ar and height Z (see Figure 4.11 on p. 109), we get
for Ar tending to zero,

0
—(ppdV' ) = — pvg(r) X 27rdr
Ot = — —_—
oil-solvent mass rate of oil-solvent mass
in the system out of the system

In the above equation, dV' = 27rdrZ is the annulus volume with Z as the annulus height, and
vo(r) is v, at z = 0 and a radial distance r. Note that vo(r) is obtained from Equation (4.42)
above using w(r, 0,1).

Simplifying the oil-solvent mass balance, we get

0Z _ wo(r)
5 = 5 (4.43)

Equation (4.41) is a partial differential equation of (i) first order with respect to ¢,
(ii) second order with respect to r, and (iii) first order with respect to z. Thus, for integration,
that equation needs an initial condition, two boundary conditions on the r-axis, and one
boundary condition on the z-axis. Equation (4.43) above is of first order with respect to ¢,
and thus needs an initial condition.

Initial Conditions

Initially, there is no solvent in the physical reservoir model except at the surface, where
solvent mass fraction is the interfacial mass fraction wj. Also, the model height is Z;. Hence,
the initial condition for Equation (4.41) on the previous page is

r=~R V 0<2z2< 2,
wj at
w(r,z,0) = 2=0,Z0 V 0<r<R (4.44)

0 VO0<z<Zy and 0<r<R
The initial condition for Equation (4.43) above is

Z(r,0) = Zy ¥ 0<r<R (4.45)
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Boundary Conditions

While the solvent mass fraction at the surface of the physical reservoir model is wj, the mass
fraction gradient at the vertical axis is zero due to symmetry [see Appendix 4.B, p. 133].
Hence, the boundary conditions for Equation (4.41) on p. 110 at any time ¢ > 0 are

r=R vV 0<2z<Z(rt)
w(r,z,t) = w; at (4.46)
2=0,Z(r,t) V 0<r<R
ow
a—antrzOVOSng(r,t) (4.47)
,

Heavy Oil Production Rate
If Am is the mass of the oil-solvent produced in time At from the annulus of thickness Ar,
radius r, and height Z then

Am

T = puolr) <l + Ar)* = 1)

r
volumetric flow rate

In the limit of At and Ar tending to zero, the overall oil-solvent production rate from the
physical reservoir model is then

Summary

Equations (4.41)—(4.47) constitute the dynamic, distributed-parameter model of solvent
transfer in the physical reservoir model. Given the specifications for the parameter set

{Da ¢7 K07 g, P ,U((.d), Wi, R7 ZO}

the involved partial differential equations need to be integrated simultaneously to obtain
w=w(r,zt)and Z = Z(r,t).

4.2.8 Hydrogel Tablet

This example involves microscopic mass balance of drug, polymer and water in a water-
soluble hydrogel tablet.> As shown in Figure 4.12 on the next page, the tablet is a cylinder
of radius R and height Z. When ingested, water in the stomach diffuses into the tablet. The
polymer begins to diffuse out from the tablet.

From the surface, polymer and drug in the polymer matrix dissolve instantaneously into the
bulk water. The water diffuses simultaneously into the tablet. During this process, the volume
of the tablet changes with time. The tablet swells first but eventually dissolves in water. This
is an example of a moving boundary problem without constant density assumption.

Objective

It is desired to develop a model that would enable the determination of the species mass
concentrations in the tablet at different radial distances and times.
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Figure 4.12 Hydrogel tablet in water

System

In this example, the species concentrations are functions of the r-coordinate. Hence, the
system for mass balance is an annulus of thickness Ar along the r-direction, as shown in
Figure 4.12 above.

Assumptions

We make the following assumptions for the model:

1.
2.

Species concentrations in the tablet are functions of the radial distance, and time.
Mass fluxes, and the change in tablet shape are along the radial direction only.

The fractional change in the length along the radial direction is always uniform (i.e.,
dr/r =dR/R).

. The diffusion of the drug inside the tablet is insignificant.

. The drug dissipates fast enough from the tablet surface so that its concentration at the

surface, as well as outside, is negligible.

. Outside the tablet, the mass concentration of water is not much different from its

density.



114 Process Modeling and Simulation for Chemical Engineers

Model Formulation

To determine the concentrations of species (drug, polymer and water), we need mass balances
in our system, which is an annulus of thickness Ar, as shown in Figure 4.12 on the previous
page. Applying Equation (2.4) on p. 21 for the i™ species, we get

dp; d(AV)
a P

d
E(Avf’i) = AV = (fi-A)r— (£ A)rya,

species mass
in the system

where (i) the values of ¢ are 1, 2 and 3 for drug, polymer and water, respectively,
(i) AV = 7[(r + Ar)? — r?]Z is the system volume, (iii) p; is the mass concentration of
the i species in the system, and (iv) f; is the mass flux of the i species across the area
A = (2nrZ)r. Note that since Ar changes with time, so do V and AV

The mass flux is given by [Equation (2.10), p. 23]

Ow;
ar "
where (i) v is the bulk velocity comprising the only component v, along the r-direction,
(i) D; and w; are, respectively, the diffusivity and mass fraction of the i species in the
tablet, and (iii) p is the tablet density. As assumed, D; = 0 for the drug.

In the above differential equation, we use the first order Taylor expansion of (f; - A), 1A,
take the limit of Ar to zero, and substitute the expressions for the flux and area. The result
after simplification is

fi = piv+is = pivet —Dip

9p; . d(AV)
halad ]
2mrdrZ ot P T
0 0 Ow;
= ——(f-A)dr = =277 | —(pivrr) — =—|rD; L) |d
5‘7’( Jdr i [ar(va) 8r<r P ar
(4.48)
Time Derivative of Annulus Volume
This term, which appears in above equation, is simplified as follows.
With 7y = (r + Ar), we have
d(AvV) d d drg dr
” = E(TFTEZ —m?Z) = WZE(rf —r?) = 27TZ<TSE — TE>

Since the fractional change in radius is assumed to be the same at any radial distance,

dr AR dn_ ndR

= = - 2 d
r o R @& Ra
dr rdR
p = — = 4.49
T a4 T R il
With the help of the above expressions for dr/dt and dr/d¢, we obtain
dAV)  2mZ,, ,dR 212 , o dR
= 2222t = 22 Ar)2 — 212
di 7 )G A T
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Taking the limit of Ar to zero,
d(AV) 2nZ dR
= 2rdr
ArSo  dt R T Var dt
With the help of the above result, and Equation (4.49) on the previous page, Equation (4.48)
yields

opi 1dR _ 2 _ 13 _ Ow;
o  Rdt {3'01 * or (rpl)] + ror (TD“O or ) (4.50)

where

3
p=Yp ad w =2

Polymer Mass Balance

Applying Equation (2.4) on p.21 for the polymer in the system, which is an annulus of
differential thickness Ar, and height Z [see Figure 4.12, p. 113], we get for Ar tending
to zero

R
d d
a /27TT’Zp2 dr = —27RZkps or m /rp2 dr = —Rkpo 4.51)
0 0
—_———
polymer mass polymer mass lost = I[R(t) ,t]
in the tablet from the tablet surface

where k is the mass transfer coefficient of polymer in water, and p9 is pa(R, t), i.e., the mass
concentration of polymer at the tablet surface.

Using the chain rule of differentiation [see Section 8.7.3, p. 319], the left-hand side of the
last equation simplifies as follows:

R
4 DLIR O SR [0,
a ~ R dt ot P ot P2
0
~—_——
=J
where we have used the Leibniz’s rule [see Section 8.10, p.326] to evaluate 91/0R. The
integral denoted above by J is given by

R@ R({? RR

o P2 P2 <

J_/<6t+2) "ot ¢ Rd/
0

0 4R

R dt
[from Equation (4.49), previous page]

Eliminating 0po/0t with the help of Equation (4.50) above for i = 2, we obtain after

simplification
1dR i 0
_ _tidan 2 Wa
J = R (R p2+/rp2dr>+/<rD2par>dr
0
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Incorporating the expressions for J and dI/d¢ in Equation (4.51) on the previous page, we
obtain after simplification

R
kﬁgR—k/ag(ngp%) dr
dR r r

_ 0
. R
E/rpgdr
0

Equation (4.50) on the previous page is a partial differential equation of (i) first order
with respect to ¢, and (ii) second order with respect to r. Thus, for integration, that equation
needs an initial condition, and two boundary conditions on the r-axis. On the other hand,
Equation (4.52) above is a differential equation of first order with respect to ¢, and thus needs
an initial condition.

dt

(4.52)

Initial Conditions
The initial species concentrations p;os, and tablet radius Ry are known. Hence, the initial
conditions are

pi(r,0) = pio V 0<r<Rg; 1=1,2,3; and R(0) = Ry
(4.53)

Boundary Conditions

At the central axis of the tablet, the mass fraction gradients are zero due to symmetry [see
Appendix 4.B, p. 133]. At the tablet surface, while the drug concentration is negligible, the
diffusive flux of polymer as well as water is equal to the convective flux. Hence, the boundary
conditions for Equation (4.50) on the previous page at any time ¢ > 0 are

dp;
Pl =0y i=1,23  p(R) =0 (4.54)
or |,_
9 9
“DopZ2 = kopy and — D3pSZ = ky(ps—py) at T=R (4.55)
or or

where (i) k2 and k3 are, respectively, the mass transfer coefficients of polymer and water,
(i1) ps is the mass concentration of water at the tablet surface, and (iii) p,, is the density of
water.

Summary

Equations (4.50)—(4.55) constitute the dynamic, distributed-parameter model of mass transfer
in a hydrogel tablet. Given the specifications for the parameter set

{D1 =0, D2, Ds, p1o, p20, p3o, Ro k2, ks, pw}

the involved Equation (4.50) on the previous page for each species (drug, polymer and water),
and Equation (4.52) above need to be integrated simultaneously to obtain p; = p;(r,t),

p2 = p2(r,t), ps = ps(r,t), and R = R(1).
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4.2.9 Neutron Diffusion

This example involves microscopic balance for neutrons in a spherical medium.® As shown in
Figure 4.13 below, neutrons diffuse outward from a point source at the centre of the medium.

point source -~

Figure 4.13 Neutron diffusion from a point source

Objective
It is desired to develop a model that would enable the determination of neutron concentration
in the medium at different radial distances, and times.
System
In this example, the neutron concentration in the medium is a function of the r-coordinate.
Hence, the system for neutron balance is a spherical differential element (or shell) of thickness
Ar along the r-direction as shown in Figure 4.13 above.
Assumptions
We make the following assumptions for the model:

1. Neutron concentration in the medium is a function of radial distance, and time.

2. There is no bulk flux, and neutron flux is due to diffusion, which is only along the radial
direction.

3. Diffusivity of neutrons in the medium is constant.
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Model Formulation

To determine neutron concentration, i.e., the number of neutrons per unit volume, we need a
balance of neutrons in our system, which is a spherical shell of thickness Ar. The balance is
given by

d
Z(AVR) = (F-A), — (F-A)iar + AVn,

dt
number of
neutrons in the system

where (i) AV = 47/3[(r + Ar)3 — 3] is the volume of the system (the spherical shell),
(ii) n is the number of neutrons per unit volume, (iii) F = (—Ddn/dr)f is the neutron flux
with D as neutron diffusivity across the area A = (47r?)f, and (iv) n, is the rate of the
number of neutrons emitted per unit volume.

In the neutron balance above, using the first order Taylor expansion of (F - A), A, and
taking the limit of Ar to zero, we obtain after simplification

0 0

—([dVn) = ——(F-A)+dV

where dV = 47r2dr. Substituting the expressions for dV, F and A in the above equation,
we get

% [(4nr?dr)n] = 782 {Dgn(élmﬂ)} dr + (4mr?dr)ng
r r

Since 7 as well as dr is independent of ¢ and D is constant, the above equation simplifies to

on 20n  0*n
o= o(Br e gs) 4 (4.56)

Equation (4.56) is a partial differential equation of (i) first order with respect to ¢, and
(i) second order with respect to r. Thus, for integration, that equation needs an initial
condition, and two boundary conditions on the r-axis.

Initial Condition
Neutron concentration is zero everywhere in the beginning. Hence, the initial condition is

n(r,0) = 0V 0<r<oo (4.57)

Boundary Conditions

At the centre, the gradient of neutron concentration is zero due to symmetry [see
Appendix 4.B, p. 133]. At an infinite distance from the centre, the concentration is taken
to be zero. Thus, the boundary conditions at any time ¢ > 0 are

a_n =0 a r=0 and n
or

I
o

at r=R (4.58)

where R is a very large radius tending to infinity.



4. Model Formulation 119

Summary

Equations (4.56)—(4.58) on the previous page constitute the dynamic, distributed-parameter
model of neutron transfer from a point source in a spherical infinite medium. Given the
specifications for D, n, and R, Equation (4.56) on the previous page needs to be integrated
to obtain n = n(r,t).

At steady state, the time derivative in Equation (4.56) becomes zero. The resulting
differential equation can be integrated using the boundary conditions to obtain the steady
state neutron concentration, 7 = 7(r)

4.2.10 Horton Sphere

This example involves the equations of change for temperature in a Horton sphere. It is a
spherical vessel that is commonly used to store liquified gases. Figure 4.14 below shows the
schematic of the sphere. The core of the sphere is a hollow metal sphere of inside and outside

liquified gas in at 7T jy

insulation layer
LatTs (T, t)

metal wall
at 7o (7’, t)

liquified gas storage
at 71 (t)

liquified gas out at T

Figure 4.14 Schematic of a Horton sphere used to store liquified gas

radii, R; and R», respectively. The core is covered externally by a spherical shell of outside
radius R3. From the surroundings, heat flows radially inward across the insulation and the
metal wall to the pool of well-mixed, liquified gas at a uniform temperature 7} in the core. To
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discard this heat, a small amount of the liquified gas is continuously withdrawn, cooled and
fed back to the core.

Objective

It is desired to develop a model that would enable the determination of (i) the temperature
of the liquified gas stored in the core at different times, (ii) the temperature of the metal wall
at different radial distances, and times, and (iii) the temperature of the insulation layer at
different radial distances, and times.

System

In this example, the liquified gas temperature is uniform. Thus, the system for the equation of
change for the gas temperature is the sphere of radius R2;. On the other hand, the temperatures
of the metal wall, and insulation layer are functions of the r-coordinate. Therefore, the system
for the equation of change for the temperature in either medium (wall, or insulation) is a
spherical shell of thickness Ar along the r-direction. Figure 4.14 on the previous page shows
the shell in the metal wall.

Assumptions
We make the following assumptions for the model:

1. The liquified gas in the core is sufficiently mixed to have a uniform temperature, which
is a function of time.

2. Temperatures in the insulation layer, and metal wall are functions of radial distance,
and time.

3. Heat conduction is only along the radially inward direction through the insulation layer,
and the metal wall.

4. The density as well as specific heat capacity of liquified gas, and the densities as well
as thermal conductivities of the insulation layer, and the metal wall are constant in the
range of temperature variation.

Model Formulation

We will apply the equation of change for temperature to determine the temperature of liquified
gas, metal wall, and insulation layer. In the following equations, we use subscripts ‘1°, 2* and
‘3’ for the properties of the gas, metal and insulation, respectively. Thus, pa, Cpa, ko and Ty
denote, respectively, the density, specific heat capacity, thermal conductivity, and temperature
of the metal wall.

Temperature of Liquified Gas in the Core
Applying Equation (3.13) on p. 71 to the liquified gas in the core, we obtain

4 ~dT; A
§7TR£1%P1 CPIT; = wCpy(Tyin — T1) + hy(47R)[T2(Ry) — T

system -A [Q]
mass
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In the last equation, (i) R; is the radius of the core, (ii) w is the rate of gas mass that is
withdrawn from the core, and fed back at temperature 73;,, and (iii) h; is the coefficient of
heat transfer between the gas and metal wall. Simplifying the last equation, we get

? P1 C'P1 Ry

a7y 3 wCpy (Thin — T1)
A R?

+ h[T2(Ry) — Tl]} (4.59)

Temperature of Metal Wall and Insulation Layer
Applying Equation (3.14) on p. 71 to spherical shells of thickness Ar in the metal wall, and
in the insulation layer, we obtain

~dT; .
AVpi Cpi—" = (qi - A)ppar — (- A)p; i=2,3
——— dt
System 7A[Q]

mass

where (i) AV = 47/3[(r + Ar)? — r3] is the volume of the system (spherical shell), and
(i) q; = (—k;0T;/Or)(—t) is the conductive heat flux across the area A = 4772 (t).

In the above differential equation, using the first order Taylor expansion of (q + A),4+Ar»
and taking the limit of Ar to zero, we obtain after simplification

oT; 2(qz “A)dr; =23

dVoiCriy, or

where dV = 4mr2dr. Substituting for dV/, q; and A in the above differential equation, and
simplifying the result yields

oT; ki 0 (7‘2 de) . =23 (4.60)

ot - i CP¢T2 8_7“ dr

Equations (4.59) and (4.60) are differential equations of first order with respect to ¢, and
each needs one initial condition. The last set of equations is additionally of second order with
respect to 7, and needs two boundary conditions on the r-axis.

Initial Conditions
The initial temperatures for liquified gas, metal wall, and insulation layer are specified as 77,
T5o and T3, respectively. Hence, the initial conditions are

Tl(O) = Tlo, TQ(’I",O) = T20 v R1§T§R2 and

T3(r,0) = T30 V Ro<r<Rs (4.61)
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Boundary Conditions

At the inner surface of the metal wall, the conductive heat flux is equal to the convective heat
flux in the liquified gas. At the outer surface of metal wall, the conductive flux is equal to
that in the insulation layer. At the outer surface of insulation layer, the conductive heat flux
is equal to the convective heat flux in surrounding air. Accordingly, the boundary conditions
at any time ¢ > 0 for Equation (4.60) on the previous page in the metal shell, and insulation
layer are, respectively,

T B 0Ty . 0T3
ko o R = h[T2(Ry) — Th], ko 5 . = kg—ar and

8TVS o 8T2 8T3 .
o e, T o, o |y, T M B Ge

where h, is the coefficient of heat transfer in the surroundings.

Summary

Equations (4.59)—(4.62) constitute the dynamic heat transfer model for the Horton sphere.
Given the specifications for the parameter set

{Pl; P2, P3, éPl? CA'P27 CA’P37 Rla R27 R3a w, Tlin; T107 T207 T307 hla hav k?? k37 Ta}

the involved differential equations need to be integrated to obtain 77 = Ty (t), 1o = Ta(r, 1),
and T3 = T3 (7‘, t).

At steady state, the time derivatives in the differential equations become zero, and the
model becomes independent of p1, pa, p3, Cpo and Cps. With the remaining parameters,
resulting differential equations can be integrated simultaneously using the boundary
conditions to obtain the steady state temperatures, T}, T, = T5(r), and T3 = T5(r).

4.2.11 Reactions around Solid Reactant

This example involves macroscopic and microscopic mass balances with chemical reactions,
and multicomponent diffusion in spherical geometry. As shown in Figure 4.15 on the next
page, gas A diffuses from the surroundings through a porous layer of intermediate product C
to the inside core of solid B. Both B and C have of constant molar densities. The following
non-elementary reactions take place:

alé—kb\]_S/ Lclg and agé—FCQS &dg

gas solid solid gas solid gas

respectively, with reaction rates kqc," (based on per unit area) at the core surface, and koc)y?
(based on per unit volume as usual) in the porous layer. Gas D is produced in the layer, and
diffuses out to the surroundings. The core radius, and porous layer thickness change with
time as the reactions proceed. Hence, this is an example of a moving boundary problem
with constant density assumption.
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bulk gas A ’ . intermediate
’ solid product C

Figure 4.15 Solid reactant B covered with a porous layer of intermediate solid product C. Through
the layer, reactant gas A diffuses in while the product gas D diffuses out

Objective

It is desired to develop a model that would enable the determination of (i) the radius of
the core of solid reactant B at different times, (ii) the outer radius of the porous layer of
intermediate product C at different times, (iii) the concentration of the reactant gas A in the
porous layer at different radial distances, and times, and (iv) the concentration of product gas
D in the porous layer at different radial distances, and times.

System

In this example, the core is made of pure solid B. Thus, the system for the mole balance of
B is the core, i.e., the sphere of radius R;. The porous layer has constant molar density of
C. Hence, its mole balance has the layer as the system. On the other hand, concentrations of
A and D in the layer are functions of the r-coordinate. Therefore, the system for the mole
balances of A and D is a spherical shell of thickness Ar along the r-direction, as shown in
Figure 4.15 above.

Assumptions

We make the following assumptions for the model:

1. Mole fractions of the gases A and D in the porous layer (made of solid C) are functions
of radial distance, and time.

2. At the surface of the core, A is consumed instantaneously in the chemical reaction.
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3. In the porous layer, only A and D are mobile. Their mass transfer is solely due to
diffusion along the radial inward and outward directions, respectively.

4. The diffusivities of A and D in the porous layer are constant.

5. Atthe outer surface of the porous layer, D is dispersed immediately in the surroundings.
Thus, the concentration of D at the outer surface of the layer is zero.

6. The molar densities of solids B and C are constant.

Model Formulation

To determine species concentrations in the system, we need mole balances in the presence of
chemical reactions.

Mole Balance of B in the Core
Applying Equation (3.6) on p. 66 for the moles of B in the system, which is the core, we get

d
— (VBCB ) = (47TR%)7“B
dt ~——~
moles of B
in the system

where (i) Vg = 47erf /3 is the core volume, cg is the molar density of B in the core,
Ry = Ry(t) is the radius of the core, and (ii) 75 = —bk1[c}'] 5, is the molar rate of change
of B due to reaction with gas A per unit core surface area. While b and a; are stoichiometric
coefficients, kq is the rate coefficient of this reaction.

In the above mole balance, we substitute for V3 and 7g, and simplify the result considering
cg as constant to obtain

dRi  kib

a
it o
Mole Balances in Porous Layer
Our second system is the porous layer, which is made of C, and has thickness (Ry — R;)
around the core. Gases A and D diffuse, respectively, into and out of this system.

Mole Balance of C Applying Equation (3.6) on p. 66 for the moles of C in the system, we get

d .
E(VCCC) = (47TR%)7”1C + Rgen,C

moles of C
in the system

where (i) Vo = 47 (R3 — R3)/3 is the layer volume with Ry = Ry(t) as the outer radius of
the layer, (ii) cc is the molar density of C in the layer, (iii) r1c = c1k1[cy!] R, is the molar
rate of change of C due to reaction between A and B per unit area at the core surface, and
(iv) Rgen,C is the molar rate of generation of C due to its reaction with A in the layer, and is
given by

Ro

Roenc = —47702k2/c§fr2 dr

Ry



4. Model Formulation 125

Since cc is constant, the mole balance of C becomes

Ro
4 d .
7;CC E(Rﬁ - R?) = (47TR%)61/€1 [cl‘}\l}Rl _ 47T62/€2/C/af7“2 dr

Ry

Simplifying the above equation, and using Equation (4.63) on the previous page for d R; /dt,

we obtain
dR Ri\? b ky
2 a 1 C1 C2R2 as, 2
— 2 = k™ — — - - == 2red 4.64
dt 1[CA ]Rl <R2> <CC CB> CcR% /CA " " ( )
R

1

Mole Balance of A For this balance, the system is a spherical shell of thickness Ar in the
porous layer. Applying Equation (3.6) on p. 66 for the moles of A in this system, we get

d
E(AVCA) = (FA . A)T—i—AT — (FA . A)7 + AVTA

moles of A
in the system

where (i) AV = 47 /3[(r + Ar)3 — 3] is the system volume, (i) Fa = Fx(—t) is the molar
flux of A of magnitude Fl, and is across the area A = 47r2t, and (iii) rp = —agkacy? is the
molar rate of change of A per unit volume due to reaction in the porous layer.

In the above mole balance, we use the first order Taylor expansion of (Fa - A), A, take
the limit of Ar to zero, and substitute the expressions for system volume, flux and area. The
result after simplification is

0 0
En (4rrdrey) = — o [Fa(4mr?)]dr — (47r?dr)agkacy?
Since 7 and dr are independent of ¢, the above equation simplifies to
aCA 10 2 a
W = —T—ZE(T FA) — a2k20A2 (465)

Mole Balance of D Applying Equation (3.6) on p. 66 for the moles of D in the same system
as above (the porous layer), we get

d
E(AVCD) = (FD . A),« — (FD . A)7-+A7- + AVTD

moles of D
in the system

where (i) yp mole fraction of D in the system, (ii) Fp = Fpt is the molar flux of D of
magnitude Fp, and is across the area A, and (iii) rp = dko CZZ is the molar rate of change of
D per unit volume due to reaction in the porous layer.

In the above mole balance, we use the first order Taylor expansion of (Fp - A), A, take
the limit of Ar to zero, and substitute the expressions for system volume, flux and area.
Simplifying as before, we obtain

(%D 1 8 2
— = ———(r°F dkacy? 4.66
ot r2 Jr (r*Fb) + dkacy (4.66)
For mole balances in the porous layer, we need expressions for )5 and Fp. They are derived

next.
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Expressions for Fs and Fp

The molar fluxes of A and D in the porous layer are given by, respectively,

C
FA A(FA + FD) +JA and FD
C “——

total flux

Cj
?D(FA +Fp) +Jp

where (i) cis the sum of the concentrations of A, D and C, and (ii) J5 and Jp, are, respectively,

the diffusive fluxes of A and D. Note that the total flux does not involve C, which is stationary.
Eliminating either F'4 or Fp from the above equations, we obtain

F. — (C — Cj)Ji + CiJ]‘
! C*Cifcj

= Fir; 1,7 =A,D and i #j

The diffusive fluxes in the above equations are given by

dy; dy; \ . . . .
J, = — DiiC—y + Dijcﬂ r; 1,j=A,D and ¢ # j
dr dr

where (i) D;;s (namely, Daa, Dap, Dpp and Dp,) are the multicomponent diffusivities in
the porous layer, and (ii) ya and yp are, respectively, the mole fractions of A and D. Since

dc; 0 de dy; y; dc; ¢ Oc
= o Yim- T C = = ;
< or or

or 5‘7’(in) - 037’ o cor’ t=AD

the diffusive fluxes simplify to

Oc; ¢ Oc dc; ¢, 0c
Ji = —|Dis| 5= — — Dij| 57— 2. )|t i,j=AD and i#j
{ <(’97" c@r)+ J(@r c@r)}r " and i 7
Substituting the above equation in the above expression of F; leads to

1 dc; ¢ Oc dcj ¢ Oc
B == { (e =) {Dn<a—r - 25) *Dw(a—r :5)}

p. (¢ _cioc (9ci _cidc
CZ{D”<8T c8r>+Dﬂ<8r c@r)]}

i,j=A,D and i+ j (4.67)

In the above equation, since cc is constant,

Jdc dca  Ocp

E = W W where C

ca+cc+cp (4.68)
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Equation (4.63) on p. 124, and Equation (4.64) on p. 125 are differential equations of first
order with respect to ¢, and each equation needs one initial condition. Equations (4.65) and
(4.66) on p. 125 are partial differential equations of (i) first order with respect to ¢, and
(i1) second order with respect to r. Each of the last two equations needs an initial condition,
and two boundary conditions on the r-axis.

Initial Conditions

Initially, the core radius is known as R, and there is no porous layer. The bulk concentration
of A is specified as ca. In the incipient porous layer, while the concentration of A is ca, the
concentration of D is zero. Hence, the initial conditions are

R1(0) = R2(0) = Ry (4.69)
aln0) = & V Ry(0) < r < Ry(0 470
en(r,0) = 0 1(0) <7 < Ry(0) (4.70)

Boundary Conditions

At R,, the core—porous-layer interface, there is no D. Moreover, the concentration of A over
there is zero, since A is consumed instantaneously at the core surface. At the outer surface of
the porous layer, while the concentration of A is its bulk concentration in the surroundings,
the concentration of D is zero. Hence, the boundary conditions for Equations (4.65) and (4.66)
at any time ¢ > 0 are, respectively,

CA(Rl, t) = 0, CA(RQ, t) = EA and (471)
CD(Rl, t) = 0, CD(RQ, t) =0 (472)
Summary

Equations (4.63)—(4.72) constitute the dynamic model for the solid reactant covered by a
porous layer of an intermediate product. Given the specifications for the parameter set

{a1, az, b, c1, 2, d, k1, ka2, éa, cB, cc, Daa, Dap, Dop, Dpa, Rio}

the involved differential equations need to be integrated to obtain R; = Ry (t), Re = Ra(t),
ca = ca(r, t), and ca = ca(r,t).

4.3 Fluxes along Non-Linear Directions

The above examples on distributed-parameter systems involved fluxes only along linear
directions, namely, the directions in Cartesian coordinates, and the radial direction in the
cylindrical or spherical coordinates. In those examples, it was straightforward to apply
fundamental equations on appropriate differential elements, and derive model equations
incorporating suitable constitutive relations. This approach is known as the shell-balance
method, and is an important model development tool.

However, the shell-balance method gets complicated in the presence of fluxes along non-
linear directions, e.g., the @-direction in cylindrical coordinates. The reason is that such a
flux may make a contribution in some other direction. Appendix 4.C on p. 134 illustrates
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this subtlety by deriving the equation of motion along the radial direction in cylindrical
coordinates. In the involved balance, the momentum flux ¢y, which is along the non-linear
f-direction, contributes to the momentum along the radially inward direction.

Therefore, when dealing with fluxes along non-linear directions, e.g., in cylindrical and
spherical coordinate systems, it is convenient to directly use the applicable equations that are
readily available [see Appendix 2.D, p.53]. As a matter of fact, the available equations in
Cartesian, cylindrical and spherical coordinate systems can be directly applied regardless of
the nature of flux path. For any other coordinate system, say, helical, an additional step of
coordinate transformation is required [see Chapter 5, p. 139].

The following example illustrates the direct use of momentum balance in spherical
coordinates.

4.3.1 Saccadic Movement of an Eye

This example involves the microscopic momentum balance in the vitreous humor™® of an eye
during a saccade, i.e., a quick simultaneous movement of both eyes between two points. This
movement influences drug dispersion in eyes.’

Figure 4.16 on the next page shows the schematic of an eye ball turning about the vertical
z-axis in spherical coordinates.

The angular movement during a saccade can be expressed as

a = —agcos(wpt)

where ay is a small magnitude, wy is the frequency, and ¢ is time. The velocity components
of the vitreous humor along the r- and 6-directions are zero. Moreover, these are the only
directions along which the ¢-component of the velocity changes.

Objective

It is desired to develop a model that would enable the determination of the vitreous humor
velocity at different radial distances, #-positions, and times due to the saccadic movement of
an eye.

Assumptions

We make the following assumptions for the model:

1. The vitreous humor in the eye is a Newtonian fluid of constant density, and moves only
along the ¢-direction.

2. Along the ¢-direction, the fluid velocity is a function of radial distance, and time.

3. There is a no-slip boundary condition at » = R where the fluid comes in contact with
the inner eye surface. Over there, the fluid velocity is equal to that of the eye velocity.

4. Pressure is constant along the ¢-direction.

*transparent liquid that occupies the space between the lens and the retina of an eye
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vitreous
humor

_retina

Figure 4.16 Schematic of an eye

Model Formulation

Since the involved momentum flux is along non-linear path, i.e., the curvilinear ¢-axis, it is

convenient to utilize the microscopic momentum balance available for spherical coordinates.
The applicable equation is Equation (3.15) on p. 76, which is

Ovy _ . Ovp w9 0vy vy Ouy | pOv4  20vs , 1Oy
" or r 00 rsinf 0¢ p| Or2 r Or = r2 962
1 Ovy n 1 0%, n 2 Ovu
r2tanf 90 = r2sin®6 042  r2sind 9¢

1 Oy VpUg VgUg
= (92cos6220 _ _ _
* r2 sin20( o8 0¢ ! )} T rtand
1

B rpsin@% +P9s
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where the grayed out terms are zero, based on the following considerations:

1. v, and vy are zero, and so are their partial derivatives
2. the partial derivative of vy is zero with respect to ¢

3. along the ¢-direction, the pressure does not change, and the gravity is zero

As a result, the last equation simplifies to
dvg [ vy n 20vs 1 0%, 1 Ovg Vg
ot p\ or2 ror 12002  r2tanf 00  r2sin?6
The above equation is of (i) first order with respect to ¢, and (ii) second order with respect to

each of r and 6. Hence, the equation needs an initial condition, and two boundary conditions
on the r- as well as #-axis.

4.73)

Initial Condition
At time ¢ = 0, the eye begins to rotate about the vertical z-axis with velocity*

d
v o= Rsin@d—? = aowoR sin 0 sin(wpt) 4.74)

which is the fluid velocity vy at the radial distance R because of the no-slip condition.
Everywhere else, vy is zero. Thus, the initial condition is

v at r=R
Vp = VOo<d<r 4.75)
0V O0<r<R

Boundary Conditions
For times greater than zero, the boundary conditions along the r-direction are

v at r=R

T

The last condition arises from the radial symmetry [see Appendix 4.B, p. 133].
Along the #-direction, the boundary conditions are
vp = 0 at =07 V 0<r<R

which means zero velocity at the vertical z-axis.

Summary

Equations (4.73)—(4.76) constitute the dynamic, distributed-parameter model of momentum
transfer to vitreous humor in an eye during its saccadic movement. Given the specifications
for the parameter set

{,U,, Py &o, Wo, R}

the involved differential equation needs to be integrated to obtain vy = vy(r, 6, t) in the 6-
interval [0, 7]. This velocity is mirrored in the other 6-interval [, 27] due to symmetry.

*This is the tangential velocity, which is equal to radial distance times angular velocity.
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4.A Initial and Boundary Conditions

These conditions are equations associated with the dependent variables of differential
equations in process models.

4.A.1 Initial Condition

This condition specifies the value of the dependent variable at the initial value of the
independent variable, typically time. Thus, for the differential equation

dT
dt

describing a heat transfer process,

= g(t) (4.77)

T =Ty at t=0

is the initial condition where Tj, is the specified initial temperature.

4.A.2 Boundary Condition

This condition is the requirement that must be satisfied by the dependent variable at a terminal
value of the independent variable.
Boundary conditions can be classified into the following:

Dirichlet Boundary Condition

Also known as the boundary condition of the first type, this condition prescribes the value of
the dependent variable at a terminal value of the independent variable. Given an equation of
change for temperature (1) along the z-direction in a fin as,

d*T
4z = f(x), 0<a <z (4.78)

the Dirichlet boundary conditions, e.g., are
TO at =0
T =
Ty at = = x¢

These conditions fix the temperature at the terminal values of z.

Neumann Boundary Condition

Also known as the boundary condition of the second type, this condition prescribes the value
of the derivative of the dependent variable at a terminal value of the independent variable. An
example is the condition

dT

— =0 at z==z
dx f



132 Process Modeling and Simulation for Chemical Engineers

for Equation (4.78) on the previous page. The above condition implies that there is no
temperature gradient, and thus no heat transfer at the final x.

Robin Boundary Condition

Also known as the boundary condition of the third type, this condition prescribes the value of
a linear combination of dependent variables, and their derivatives at a terminal value of the
independent variable. An example pertaining to Equation (4.78) on the previous page is

dT
—k— —h(T -T, =0a z=x
dz ( o) !
where k, h and T, denote, respectively, thermal conductivity, convective heat transfer
coefficient, and ambient temperature. The above condition basically equates conductive heat
transfer at the final z in the fin to convective heat transfer in the surroundings.

Mixed Boundary Condition

This boundary condition is a set of two non-overlapping boundary conditions, one being
Dirichlet and the other Neumann. An example of a mixed boundary condition for
Equation (4.78) is

T =1y at ¢ = 0

dT 0 at
— = at x = w
dz f

Cauchy Boundary Condition

This boundary condition comprises one Dirichlet, and one Neumann boundary condition,
both at the same location. An example of this condition for Equation (4.78) is

T = Ty
dT 0 at =0
dr ~  k

where gy is a known value of heat flux. This condition is posed at a boundary when it is
difficult to prescribe conditions at the other boundaries. The above condition could mean that
the fin at zy is not accessible for temperature measurements due to physical constraints, or
extreme temperatures.

4.A.3 Periodic Condition

This condition appears in a periodic process in which the value of a dependent variable at a
boundary repeats after a time period. Thus, if Equation (4.77) on the previous page describes
a periodic process then

is a periodic boundary condition with time period 7.
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4.B Zero Derivative at the Point of Symmetry

Consider a property y(x) across a point of symmetry x5 on the x-axis, as shown in Figure 4.17
below. In such a case, the variable value is the same at equidistant locations from the point of

y(r1) = y(x3)

y(r2)

X1 To xTs Xz

(point of
symmetry)

Figure 4.17 A property that is a symmetrical function, y(z)

symmetry. Thus, given any two locations x; and x3, each at a distance Ax from the point of
symmetry xa,

x1 3
dy _ dy
y(m)—l—/adx = y(x2)+/dw dz
T2 T2

y(z1) y(3)

where it is assumed that y is differentiable. Simplifying the above equation, and taking the
limit of Az to zero, we obtain

Y| @-m) = Y| @ —m)
—| (z1—22) = —| (z3—2
dx T2 u dx ) i,—%

—Azx Az

The above equation implies that by necessity

d

dy;

dx o

Thus, the derivative of a property with respect to an independent variable at the point of
symmetry is zero.
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4.C Equation of Motion along the Radial Direction in Cylindrical
Coordinates

To obtain this equation, we apply momentum balance along the r-direction on the differential
element in cylindrical coordinates [see Figure 4.18 below].

Figure 4.18 Differential element in cylindrical coordinates

As shown in Figure 4.19 on the next page, this differential element has faces of areas
A, =rAOAzr, Ag = ArAzé, and A, = rA0Arz, respectively, along the r-, - and z-
directions.

The momentum balance yields

%(pAva) = (¢rr : Ar)r - (¢rr : Ar)r+Ar + (d)Gr : AG)H - (¢0r : A9)9+A9
+ ((bzr : Az)z - (¢zr . Az)z+Az + PAVgr

- [ — dee(0+ D) - Ag sinAe}

where AV = rArAfAz.

Note that the last term in the above equation is an output term at the (6 + A#)-face, and
stems from the momentum flux ¢gg, which is along the non-linear #-direction. As shown
in Figure 4.20 on p. 136, the term enclosed in square brackets is the component of the
momentum rate ¢gg (6 + A) - Ag, and is opposite to the r-direction.
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A (r+ Ar)

A,(z)

Figure 4.19 Area vectors along the r-, §- and z-directions

In the differential equation on the previous page, using the first order Taylor expansion for
the third, fifth, seventh and ninth terms, and taking the limit of Ar, Af and Az to zero yields

0 0 0 0
P [p(rdrd@dz)v,«} = —E(qﬁwrdez)dr — 6—9(¢9Tdrdz)d0 — a(qﬁzrrdﬁdr)dz +
Do
p(rdrdfdz)g, + <¢99 + 8—¢9d9) dé(drdz)

where we have applied following result for the last term:
lim sin A§ = df
6—0

Simplifying the above differential equation for fixed system volume, and discarding the term
that has df2, we obtain

ov,. op 1[0 0¢or | O¢ur ®o0

Pt T = Trlar O T e | T e T
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z

T D000+ AG) - Ag
[Po0(0 + AG) - Ag]sin A

vector along A g (6)

Ap(0) b

vector along the r-direction

Figure 420 Momentum rate ¢go(6 + Af) - Ap and its component [pgg(0 + AB) - Ag]sin A6,
which is opposite to the r-direction

In the last equation, after substituting for
Grr = P+ T+ porvr Gor = Tor + pugur
Gor = Tor + P2V o0 = P+ Tgg + pvovy
and the continuity equation, Equation (2.66) on p. 54,

@__ 8vr+v_r+l%+8vz B Op g dp op
at o " T 00 Tz ) or o0 o

we finally obtain after simplification

ov, ov, vy Ov, ov, 1 (87}, 1079 N OTy»

ot "or T e "oz p\or Troe o

Tyrp — T apP v2

+ Trr 7 7060 + _) + Z0 + g,
r or r

which is the desired equation of motion along the r-direction in cylindrical coordinates for

symmetric stress tensor 7 i.e., Equation (2.67) on p. 55.
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Exercises

4.1 Derive the CSTR model of Section 4.1.1 on p. 80 without making the assumption of
constant system volume.

4.2 How can we determine the steady state height of liquid in the preheater [see
Section 4.1.3, p. 84] from Equation (4.8) on p. 86?

4.3 Extend the model of fluid flow between inclined parallel plates [see Section 4.2.2, p. 93]
to the flow of two immiscible fluids with one flowing on top of the other.

4.4 Why cannot the microscopic equation of change for temperature be applied directly to
model heat transfer in tapered fin [see Section 4.2.3, p. 96]?

4.5 In the heavy oil recovery process of Section 4.2.7 on p. 108, what is the mass of oil
produced at a given time?

4.6 What happens at steady state in the heavy oil recovery process of Section 4.2.7?

4.7 For the hydrogel tablet dissolution process described in Section 4.2.8 on p. 112

a. Obtain the equations of change for the mass fractions.

b. Derive the expression for the amount of drug release at any time.
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4.8 Explain the steady state of hydrogel dissolution process in Section 4.2.8.
4.9 Interpret the steady state of the reaction process in Section 4.2.11 on p. 122.

4.10 Derive the expression for the total flux in the porous layer around the solid reactant in
Section 4.2.11.

4.11 What is the system in the model describing saccadic eye movement [see Section 4.3.1,
p. 128]?
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Model Transformation

In this chapter we introduce the tools to transform process models to more suitable forms.
First we take up the transformation from Cartesian coordinate system to other orthogonal
coordinate systems. Then we provide a general procedure to carry out the transformation
between arbitrary coordinate systems. In the second part of the chapter, we present Laplace
transformation, which is widely used to solve and analyze linear process models. Some
important miscellaneous transformations are presented at the end.

5.1 Transformation between Orthogonal Coordinate Systems

Recall that we derived fundamental relations, and associated equations for distributed-
parameter systems in Cartesian coordinate system. To obtain similar results in other
orthogonal coordinate systems, especially the curvilinear ones, it is much easier to transform
the equations in Cartesian coordinate system than to derive the results from scratch. To carry
out this transformation, we need expressions for the following differential operators:

1. Gradient of scalar, e.g., VF’
Divergence of a vector, e.g., V - f
Curl of a vector, e.g., V x f
Laplacian of a scalar, e.g., V2F
Gradient of a vector, e.g., Vf

Laplacian of a vector, e.g., V2f

NS kWD

Divergence of a tensor, e.g., V - 7

For an orthogonal coordinate system, these expressions are readily obtained from the scale
factors relative to Cartesian coordinate system. We will first introduce the scale factors, and
then derive important results leading to the expressions for the aforementioned operators.

5.1.1 Scale Factors

Consider a position vector in Cartesian coordinate system (x1, x2, £3) given by

X = £C1)A(1 +£B2)A(2+‘T3)A(3 (51)

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion website: www.wiley.com/go/upreti/pms_for_chemical_engineers
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where x; and X; are, respectively, the component of x, and the unit vector along the x;-
direction. In an orthogonal coordinate system (y1, y2, ¥3), we can represent x by the relation

X = X(y17y2,y3)

Using the chain rule of differentiation [see Section 8.7.3, p. 319], the differential change in x
is given by
ox ox ox
dx = —d —d —dy: 5.2

X By, + By V2 + By U (5.2)
In the above equation, 9x/0y; [see Figure 5.1 below] is the tangent vector on the y;-
coordinate curve along which the differential change in x is dy;. Note that 9x/dy; is a vector
along the y;-direction.

x1

Figure 5.1 Tangent vectors to dx in a system of orthogonal coordinates, (y1, y2, ¥3)

Let y, denote the unit vector along 9x/dy;, i.e., along the y;-direction. Then

. Ox 0x
Yi = yi Oy;

l@x.
h; Oy;’

i=1,2,3 (5.3)

——
h

where h;, which is the magnitude of the tangent vector, is called the metric coefficient, or
scale factor along the y;-direction.
Differentiation of Equation (5.1) on the previous page with respect to y; yields
ox Oxy . 0xy . Oxs

—X3; =1,2,3
X2+6in3 A

= X; +
yi y; ! Oy
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using which the scale factors in Equation (5.3) on the previous page are given by

ax'ax 8;101 8x2 2+ Ors 2
Oy Jyi Oy 82/@ 31/1- y;

i=1,2,3 (54

hi =

The above result stems from the fact that

o 0, if i#j
XT/.X:
! 1, if i=j

)

since X1, X, and X3 are mutually perpendicular.

Example 5.1.1

Find the scale factors for cylindrical coordinate system.

Solution

The relations between Cartesian coordinates (1, x2, x3), and cylindrical coordinates (r =
y1, 0 = yo, z = y3) are [see Figure 5.2, next page]

1 = rcosf = yjcosys
To = rsinf = y;sinys
I3 = 2 = Y3

From Equation (5.4) above, the scale factors are

2 2 2
\/(fg) (G) (52 = Vet =1
9,

oy Oy

hy

=0

8331 ? 8.272 2 813 2
= [ P — _ N 2 2 _
e (8y2 ) + (8y2 ) T <3y2 > V(=1 sinyz)? + (y1 cos ys) 7

=0

oz, )2 (axg ) 2 (6303) 2
hs = =) (=) 4 (=) = V12 =1

=0 =0
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(r,0,z2)

z1

Figure 5.2 Relations between Cartesian and cylindrical coordinates

5.1.2 Differential Elements
From Equation (5.3) on p. 140, we have

0x
yi

= h;y;; 1=1,2,3

which when substituted in Equation (5.2) on p. 140 yields

dx = hidy1 y1 + hady2 ¥5 + hadys 5’3 = dhy, +dly, + dl3$’3 (5.5
di dl di
1 2 3

In the above equation, dl; = h;dy; is the differential magnitude, or length along the y;-
direction.
Note that 3, ¥, and y5 are the basis vectors in the system of orthogonal coordinates

(y1,y2,y3). Consequently,
o 0,  if i#£j
y, . y . =
t 1, if Q=

The length of the differential vector dx in the orthogonal coordinates (y1, y2, ¥3) is given by

lax| = Vax-dx = \/h3(dya)? + h3(dy2)? + h3(dys)?
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Differential Area and Volume

With the help of Equation (5.5) on the previous page, the differential areas in the (y1, ¥2, y3)
coordinates are given by

dA1 = dlg dlg = hghg dyz dy3 (56)
dA2 = dll dlg = h1 hg dyl dy3 (57)
dA3 = dll dlg = hl h2 dyl dyg (58)

In the above equations, dA; is the differential area on the plane perpendicular to the y;-
direction. Thus, dA; is the differential area on the y-ys-plane.
The differential volume is similarly given by

dv = dll dlg dlg = h1h2h3 dyldyg dy3

Example 5.1.2
Find the differential areas and volume in cylindrical coordinates.

Solution

Using the scale factors of cylindrical coordinates obtained in the last example, the differential
areas and volume are

dA; = y;dysdys = rdfdz
dAs = dy; dys = drdz
dAs = yidy; dys = rdrdfd

dV = y1dyidy2dys = rdrdfdz

5.1.3 Vector Representation

Given an arbitrary vector v at a position x, we can always vary the latter with a suitable
parameter, say, ¢, such that dx/d¢t = v. Considering this fact, we divide Equation (5.5) on the
previous page by dt to obtain

dx dy; . dys dys ..

— = h——yi+tho—=y,+hs—-
dar 1 dt Y1 2 dt Y2 3 dt NES
N | S— | S—— | —
v v1 V2 V3

or v = hvy; + havays + havsys

where v;s are the corresponding components of v in the (y1,ys, y3) coordinates. The length
of v is then given by

vl = Vv-v = \/h%v%—l-h%v%—i—h%vg
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5.1.4 Derivatives of Unit Vectors

The derivative of a unit vector (say, y,) with respect to a coordinate in a different direction
(say, the ys-direction) is zero in Cartesian coordinates. However, the derivative of a unit vector
may be non-zero in other coordinate systems.

Cylindrical Coordinates

For these coordinates, Figure 5.3 below shows the unit vectors T, O and z at a point, along
with the vector components on Cartesian axes. For example, the component of  along the

7 cos <

>

Figure 5.3 Unit vectors t, 0 and Z in cylindrical coordinates, and their projections on Cartesian axes

x1-direction is ||| cos @ = cos §. Thus, in terms of these components,

-
|

X1 cos bl + Xosinf 5.9)

D
I

—X1 sin @ + X5 cos (5.10)

Z — X3
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From the above relations,

or or 00 00 02 0z 0z
a9 o o o o 9 0 G0
or .. N A
0 = —X18inf + Xocosf = 6 (5.12)
a0 X . R
0 = —X1cosf —Xpsinf = -t (5.13)

Spherical Coordinates

For these coordinates, Figure 5.4 below shows the unit vectors T, 6 and (}5 at a point,
along with the vector components on Cartesian axes. For example, the projection of

—x3

Figure 5.4 Unit vectors T, 6 and (}5 in spherical coordinates, and their projections on Cartesian axes

on the xjx5-plane is ||| sin @ = sin #, which has components sin 6 cos ¢ and sin 6 sin ¢,
respectively, along the z1- and xs-directions. Along the x3-direction, the component of
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is ||#]| cos @ = cos 6. Resolving the components of @ and ¢ in the same manner, we obtain

I = X;sinfcos¢ + X3 sinfsin ¢ 4+ x3 cos 6

0

X1 cos 6 cos ¢ + Xo cosfsin ¢ — X3 sinf

¢ = —Xisin¢ + Xg cos ¢

From the above relations,

o 00 9 094

o ~or o o0 °

% = Xjcosfcosp+ Xocosfsing — Xgsinf = 0
96 . e . )
20 = —X;sinfcos¢p — Xysinfsin¢ — xz3cosf = —r
or N . . 4.

5 = (—X1sin¢g+ Xscos¢)sinf = ¢psinfd

96 o ) ;

% = (—%ysing + Xycos¢p)cosf = ¢cosb

g—j = —Xjco8¢—Xysing = —Fsinf — O cosf

5.1.5 Differential Operators

For an orthogonal coordinate system (y1, ¥2, y3) with scale factors hj, hy and hs with respect
to Cartesian coordinate system, the differential operators are as follows.

Gradient of a Scalar

The gradient of a scalar F' is given by

1 0F , 1 OF . 1 0F
o R 0 O
This expression for the gradient is derived in Appendix 5.A.1 on p. 180.

VF = (5.14)

Divergence of a Vector
The divergence of a vector

vV = vy + 02y, + Usys
in the (y1, y2, y3) coordinates is given by

1 8(h2h31}1) + 8(h1h3v2) + 8(h1h2v3)

V.v =
hihohs o 0y 0ys

(5.15)

The above expression for divergence is derived in Appendix 5.A.2 on p. 181.
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Curl of a Vector
The curl of the vector v is given by
hiy1  h2yy hsys

1 o o 0

Vxv = T o Oy Ous (5.16)

hl (% h21}2 h3’U3
This expression for the curl is derived in Appendix 5.A.4 on p. 184.

Laplacian of a Scalar
Using Equations (5.14) and (5.15) on the previous page, the Laplacian of a scalar F' is
V’F = V.VF
= st Ui ) 0 Ui ) 2 (730
hihaohs [Oy1 \ h1 Oy Oy2 \ ha Oya dys \ hs Oys

(5.17)

Example 5.1.3

Find the expressions for the gradient of a scalar, divergence of a vector, curl of a vector, and
Laplacian of a scalar in cylindrical coordinate system.

Solution

From Example 5.1.1 on p. 141, the scale factors for the cylindrical coordinate system are

h1 = ]., h2 = Y1, and hg = 1.

Gradient of a Scalar
From Equation (5.14) on the previous page, the gradient of a scalar F' is given by
OF | 1 0F . oF
%}ﬁ + E@)’b + %Y:&
In the (r, 0, z) notation,

OF. 10F, OF

VF =

Divergence of a Vector
From Equation (5.15) on the previous page, the divergence of a vector v is given by

i (9(y101) 81)2 81)3

Vv = 9v2 |, 9
yi| On 0y2 y13y3
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In the (r, 8, z) notation where v = v,.T + 090 + v, 2,

~ 10(rv,)  10vg  Ov.
Vv o= r Or +7“89+8z (5.19)

Curl of a Vector
From Equation (5.16) on the previous page, the curl of v is given by

Y1 y1¥a Vs roor0  z
V><v:ii o o) _ 10 9 0 (5.20)

yp [Oyr Oya  Oys rl|or 00 0z

U1 Yy1v2 U3 Up TV Uz

_i_%_i( U)}A _{%_%]A_,_i[i( U)_%}A
Y1 _3112 0ys3 y1ez) | 0y 0y3 Y2 Y1 | Oy vz 0y Y3
In the (r, 0, z) notation,
10w, Ovg | .. v, Ov.|, 1[0(rvg) Ov,].
Vv = _[aa _Ta_z]r_[ }Q‘L [ ar _ao}z

r
considering that 9r/9z = 0.

Or 0z

r

Laplacian of a Scalar
From Equation (5.17) on the previous page, the Laplacian of a scalar F' is given by

vop = L[D(,00), 0 (10F) 0, 0F)]
Y1 L0 ylayl 0y2 \ y1 Oy ys3 y13y3

Lo (,oFy 1T o
Y1 Oy u oy yi 0y2?  Oys?

In the (r, 0, z) notation,
10 < 8F> 1 0°F O%F

2
F = —— i I Z -
v r Or Tar r2 002 + 022

Gradient of a Vector

The gradient of a vector v is obtained from the long multiplication of the gradient operator
V [see Equation (5.14), p. 146], and v in a given orthogonal coordinate system, i.e.,

yl 8 5’2 8 5’3 8 R R A
Vv = (2t 2 422 % L J3 7
v <h1 oy + ho Oys + hs Oys (¥101 + ¥ov2 + ¥503)

v v
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The resulting expression is then simplified by substituting the derivatives of unit vectors.
These steps are illustrated in the next example.

Example 5.1.4

Find the gradient of a vector v in cylindrical coordinate system.

Solution

In terms of the (r, 8, 2) notation for cylindrical coordinates,
v = 0, F + 190 + v,2 (5.21)

and its gradient is given by

.0 00 0\, - .
Vv = (rﬁ_r—i_;% +za—z>(rvr+009+zvz)

0. D - 9 69, 60 ., 60 .
= I‘E(I’UT) + ra—r(gvg) + ra—r(zvz) + ;a—e(rvT) + ;8—9(0’[}9) —+ ;%(ZUZ)
.0 L0 4 L0
+ za—(rvr) &(01}9)+Za—z(zvz)

1L 0y = 20, 42 _ Qv
or T Ty T gy - or
=0
Aa ~ - Aa@ AAavg . 8v9¢
ra—r(avg) = I'@’U@"‘I’OW = " o
=0
fg(A ) faz +M8vz _ Ov,
or 2V2) = or vz o or T or
=0
00 6 o . 1 0v, vy 10v, 5.
;%(I”Ur) = @UT+0r; 89 = 700"‘; 89 01‘
=0
60 . . 606 o10vy v, 10vp -
B A T e S L TR
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QQ(A ) = Q% +9A18vz _ lavzér
rog 2 T raﬂvz ) R R
jrs
AQ(A ) = or +M8vr _ Ov
z25-(tvy) = z\a_z/vr 2t —- = 2
=0
0 . . .06 - dvg v
zngg) = zavg—}—zeg = 5 0
ﬂ( ) = 0z +M3vz o Ov,
5, (Bv=) = zgz/uz 22— = 35, %

=0
With the help of the above terms, the gradient is given by

_ OUTM 81}9A 8UZM 10v,  vg\,.

vy 10vg \ar 100, . 8UTM ngA asz

Laplacian of a Vector

The Laplacian of a vector f is a vector. It can be determined using the above relations for the
divergence and curl in the following identity [see Equation (8.3), p. 302]:

Vi = V(V-f) =V x (V xf) (5.23)

Divergence of a Tensor

The divergence of a tensor is a vector. It is obtained from the long multiplication of the
gradient operator [see Equation (5.14), p. 146], and the tensor. Thus,

Y1 8 y2 (9 )
V T + Tl 3
(hl Oy1  hs 5‘y2 h3 Y3 Z Z iYi yj

=1 j=1

v T

where T is a second order tensor [see Equation (8.7), p.308]. The resulting expression is
simplified by substituting the derivatives of unit vectors.

Example 5.1.5

Find the r-component of the divergence of a tensor 7 in cylindrical coordinate system.
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Solution

In terms of the (r, 6, z) notation for cylindrical coordinates, the last equation yields

V.1t = -

f~3+@3+“2 (T BF + Tpot0 + Ty, 12
ar " rog %oy ) \TrrtE T TrerY dratE

+ 70,0 + 79900 + 7902 + T.,2F + To920 + T..22)

The right-hand side of the above equation results in 27 terms of which only the following
contribute to the r-component of V - 7:

£ i) = 8 D(8) metppplr = Iy
or Trr or Trr T2 or  or
‘_,—/ =1
since 3?787":0
00 . 0 o, 1. . 071
;%.(rrrr,r) — ;-a—e(rr)TTT+ 07 r 89
=6
1. r 1. of T
:_G_Arr _0'A_7‘r—£A
r_ 00 o +T‘J89T r
Hfi—l/ =0
0 0 ' é 0 .. 1., .. 07,
;8—9'(91'707‘) = ;8—9(01')7'%4—;07101‘ 89
1, 96 1, . OF £ 079, Tor,  10Tor.
N re 00 rTer—i_re\'/“ GTGT—’_T 00 7 +7“ 89r
N—— =1
=0 -0
60 .. 6 0 . A 5 Ty
;@'(997‘99) = ;'5—9(99)790"‘_0_00 0
1. 6‘9 - 1. . 8@ 0(97’99 o TOO ~ 187‘99A
PO o Ot 8 Gt ey = T T e O
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32 i) = 5 2L +2-2 5307
0z = 0z = = 0z
_ 5.0 4520 0T 0Ty
S e e e T e
=0 =0

From the last five derivative expansions, we collect the terms with * in common to obtain
the r-component of V - 7, i.e.,
87-7‘7‘ Trr 1 87—9r Too aTzr

Vere = Gt e T 29

With the help of scale factors, derivatives of unit vectors, and differential operators derived
above, we can transform the fundamental relations, and associated equations in Cartesian
coordinate system to other orthogonal coordinate systems of interest.

Example 5.1.6

From the equation of change for velocity in Cartesian coordinate system [see p. 33],
ov
ot

obtain the r-component of the equation in cylindrical coordinate system.

1
= —V~VV—;(V-T+VP)+g (2.25)

Solution
The r-component of the above equation is

o0v,
ot

1
= —(v-Vv), — ;[(V T)r + (VP), | + gr (5.25)
for which we need to obtain expressions for (v - Vv), and (VP),. Equation (5.24) above
provides the expression for (V - 7),.

Expression for (v - Vv),
From Equations (5.21) and (5.22) on pp. 149 and 150, respectively, we obtain

v-Vv = (vrf‘+veé+uvzi)_ |:aavrAA aa'UOAe_’_aa’UzAA_’_(laUT’_U_H)éf

r r r 00 r
v  10vg \ax 10v, .. 81}TM 8ng (’91}ZM
+<7+;a—9)99+;aﬁ” PR R R }

The right-hand side of the above equation simplifies upon expansion, because of the
orthogonality of the unit vectors. For example,

. .. 0v, L Ov
VL TP = v P and v.T-00— = 0
:’ or or \:)/ r
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Simplifying in this manner, we get

B ov,  vg Ovu, vg ovy \ . PN .
v-Vv = (U’”ar +789 —?—i—vzaz)r + (...)0 + (...)z

The r-component of the equation is

ov,  wvgdv, V3 v,
. r = U - - . 5.26
(v-Vv) U8r+7“89 r+v 0z ( )
Expression for (VP),
From Equation (5.14) on p. 146,
orP, 10P. 0P,
D A P
from which
oP
P), = — 5.27
(vP). = 5 (5.27)

Substituting the above expressions for (v - Vv),, (V - 7), and (V P), in Equation (5.25) on
the previous page, we finally obtain the desired equation, i.e.,

v, ov,  vg Ov, v, vg
o~ "o ree or T
1/01, 1074 OTsr Trr—T99 OP
_;( or v o8 " 0: ' & _a_r>+g"

ANote that 7,../r and —7gg /7 in the above equation arise because of non-zero 9%/90 and
00/06 [see Equations (5.12) and (5.13), p. 145].

a

Example 5.1.7

Obtain the r-component of the Navier—Stokes equation [see Equation (3.1), p.62] for an
incompressible fluid of constant viscosity cylindrical coordinates.
Solution

From Equation (3.1), the r-component of the equation of the Navier—Stokes equation is given
by

87]7« o 1 2
= —<v-vV>r+;[u<v V)e = (VP) | + g, (5.28)

The expressions for (v - Vv),. and (V P), were derived in the last example. We now derive
(V2v),.,, which from Equation (5.23) on p. 150 is given by

(V2v), = [V(V-V)], = [V x (V x V)],
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Expression for [V(V - v)]»
From Equation (5.18) on p. 147,

oV -v), la(V-V)A AV -v),
or r+r 00 o+ 0z z

The r-component of the above equation is

0 0 (v Ov.  10vg  Ov,
V-l = 5 (V) = 87’(7‘+3r +T30 +3z)

or
from Equation (5.19) on p. 148

V(V-v) =

v 10w, 8%v, B i Ovg 1 0%vy 0%v,

72 + r or | Or2 r2 00 + r ordd ' Oroz
—— =

=0 =0

vy 10v, 03, 1 Ovy

2 ror | or? 2 00

Expression for [V x (V x v)]
Using the vector (V X v) instead of v in Equation (5.20) on p. 148, we get

[8(V><V)z 9(V><V)9]f ]

20 ' os 10 + [z

[Vx(VxV)],

Vx(Vxv) = %

We are interested in [V x (V X v)],., which depends on the following derivatives:
IVxv), 0 [1[0(rvg) Ovr _ O vy  Ovg 10v
00 00\ r| or 00 00| or r 00

10vy 0O3vy 1 9%v,

= vo6 "ogor ropr M
=0
O(Vxv)e 72 v, 76‘1@ L 9%v, 0%v, B 02w,
0z 9z \ or 0z B 0z 0r 822 922
~

=0
Utilizing these derivatives,

la(v xv), O(Vxv) 1 0vy 1 0%, 0%,

r o0 0z T2 90 r2 002 0z2

[V X (VxvV), =

With the help of the above expressions for [V(V - v)], and [V x (V X v)],, we get
9 _ v l% 82v,._i% B 181}9_ 182vr_62vr
VY= "2t % "o raw \Fa ror o2
[V(V-V)] [Vx(VxV)].
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Substituting in Equation (5.28) on p. 153, the expressions for (i) (V2v),. above, (ii) (v - V),
[see Equation (5.26), p. 153], and (iii) (V P), [see Equation (5.27), p. 153], we finally obtain

BT a2 T e

v, _ % vg OV, % I 0%v, l(’?vr 1 0%,
a — or r 90 79z p

5.2 Transformation between Arbitrary Coordinate Systems

In an arbitrary coordinate system, the axes are not necessarily orthogonal, i.e., perpendicular
to each other. In the absence of orthogonal axes, the results of Section 5.1 on p. 139 are not
applicable.

A general approach to transform equations between arbitrary coordinate systems is to
transform the velocity, and spatial derivatives based on the chain rule of differentiation. We
present this approach to transform equations from one arbitrary coordinate system (y1, y2, y2)
to another arbitrary coordinate system (z1, 22, 23).

5.2.1 Transformation of Velocity
The starting point is the set of relations
yi = vi(z1,22,23) 1=1,2,3

between the two coordinate systems. From the chain rule of differentiation [Section 8.7.3,
p- 319], the velocity component along the y; -direction is given by

wy = Qo Oy da Op| dzm Oy das
! dt Dz | dt dzy |1 dt Dzg |1 dt
23 N—rt 23 N—rt 2o N—rt

V1 V2 v3

In general, the velocity components along the y1-, y2- and ys-directions are given by

3

y; .
u; = Zaiﬁ vj; 1 =1,2,3
j=1""71%;
- T . . .
where z; is the vector [zl 29 23] without the element z;. The above equations in

matrix notation are given by

9y,
0z

(5.29)
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where (i) u and v are the velocity vectors, respectively, in the (y1,y2,y2) and (21, 22, 23)
coordinate systems, and (ii) dy/9z is the Jacobian of y with respect to z. With the Jacobian
expressed solely in terms of z, we can use the last equation to transform u to the (z1, 22, 23)
coordinate system.

The equation to transform v to the (y1,y2, y2) coordinate system is similarly given by

o,
dy

where 0z /0y is the Jacobian of z with respect to y, and expressed solely in terms of y.

(5.30)

5.2.2 Transformation of Spatial Derivatives
Let a quantity ¢ be represented in the two arbitrary coordinate systems as

q = A(ylay27y3) = B(Z17Z27Z3)

Then from the chain rule of differentiation [Section 8.7.3, p. 319], the partial derivative of ¢
with respect to y; is

8y1 Y2 821 z2 8:1/1 Y2 822 zZ1 8:1/1 Y2 (9213 z1 81/1 Y2
Y3 Z3 Y3 Z3 Y3 22 Y3
In general, we can write
0A 0z; 0B
=Y 29 7 5 i=123

ayi Yi j=1 ayi Yi 82’]‘ z;
——

9q dq

Jy; 9z,

- T . .
where y; is the vector [yl Y2 yg} without the element y;. The above set of equations
can be written in matrix notation as

(5.31)

where gy, and g, are the vectors of partial derivatives of ¢ with respect to y and z, and 0z/0y
is the Jacobian of z with respect to y. With the Jacobian expressed solely in terms of z, we
can use the above equation to transform gy, to the (z1, 22, 23) coordinate system.

The equation to transform g, to the (y1, y2, y2) coordinate system is similarly given by

6yT
9z = a_z dy

with 0y /0z expressed solely in terms of y.

5.2.3 Correctness of Transformation Matrices

From Equation (5.29) on the previous page, and Equation (5.30) above, note that

oy _ dyon oy 0

B vV = 8_z(9yu = 92 dy =1 (identity matrix)
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This result should be used to verify the correctness of the Jacobian matrices involved in the
transformation of velocity, and spatial derivatives.

Example 5.2.1

Obtain the equation of continuity for a polymer melt flowing through the helical channel of
an extruder shown in Figure 5.5 below. The helical coordinates (21, 22, 23) are related to the

helical channel

e pitch, f — >

Figure 5.5 Flow of polymer melt in the helical channel of an extruder

cylindrical coordinates (r, 8, z) through the following equations:

n = =, 2o = —fa, 23 = —+f0 (5.32)

R

==

where a = 1/ (r/R)® + f2,and R and f are constants.!

~

Solution

For convenience, we will denote r, 6 and z by y1, y2 and y3, respectively. The above equations
can be manipulated to get the inverse coordinate transformation, i.e., y;s expressed solely in
terms of z;s as

2 2
v = 2R, yo = ——=, Y3 = <%+23>R (5.33)

a
where a = /2% + f2.

The equation of continuity in cylindrical coordinate system [see Equation (2.66), p. 54] can
be written as

o ——(pyru1 ) + @(Puz) 73(/’“3) (5.34)

o _ 1o a9 2T 9 =
y1 | Oy
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Based on Equations (5.32) and (5.33) on the previous page, the Jacobians needed to transform
Equation (5.34) to helical coordinate system (21, 22, 23) are given by

1
R 0 0 I 0 0
oy e 1 0z
- 122 d — = |*1?2
Oz a3 a 0 o dy a’R ¢ 0
znz2fR - fR 1
i a® a R_ i 0 ! R

Readers may like to check that the product of the above matrices yields the identity matrix.

Transformation of Velocity

From Equation (5.29) on p. 155, the velocity components in cylindrical coordinates are
expressible in helical coordinates as

Ul R 0 0 U1
— 1
u| = % —= 0] (5.35)
a a
R R
us _2’12’23f f_ R Vs
L - L a a - L -
Oy /0z

Transformation of Spatial Derivatives

From Equation (5.31) on p.156, the spatial derivatives in cylindrical coordinates are
expressible in helical coordinates as

9q 1 _an | |9
O R a’R 071
dq | _ dq 5.36
A1 =10 _ 4 (5.36)
0y “ / 0z
9q 0 0 11 199
Re L R] [0z ]
ay dz/0y T Gz

Transformation of Equation of Continuity

To transform the equation of continuity [Equation (5.34), previous page] to helical coordinate
system, we need to express the following in that system — the y;s, u;s and the derivatives
with respect to y;s. This is done with the help of Equation (5.33) on the previous page, and
Equations (5.35) and (5.36) as explained next.

In Equation (5.34), we carry out the following steps:
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1. We replace
a. the coordinates y;s with z;s, using the inverse coordinate transformation, and
b. the velocities u;s with v;s, using the velocity transformation.

2. We introduce temporary variables (g¢;s) for the arguments of spatial derivatives.

3. We repeat Step 1 for each g;.

4. We express dg¢;/0y;s in terms of J¢;/0z;s, using the derivative transformation, and
expand derivatives as needed.

The incorporation of expressions of Step 4 into the equation of Step 2 transforms the equation
of continuity to helical coordinate system (z1, 22, 23).
The aforementioned steps are carried out below.

Steps 1 and 2
We use Equation (5.33) to introduce helical coordinates in Equation (5.34) on p. 157. In terms
of g;s, the equation is

dp 1 (0q1 | Ogo Jq3

Lo (2R B 5.37

ot z1R <8y1 Jya ) 0y3 ( )
Step 3

We expand the ¢;s, and repeat Step 1. Velocity transformation [see Equation (5.35), previous
page] is applicable this time. The following expressions are obtained as a result:

@1 = p-21R-Rv; = R*pziv

212201 Uz)

q2=pUz=p< 5
a a

z129f R R
g3 = puz = P<— 1;3f U1+fav2+Rv3>

Step 4
Using Equation (5.36) on the previous page for derivative transformation, and the expressions
for g;s in Step 3, we get

% 101 2122 0q

= i A= oq h
oy ROz  a2?R 0z where

0 0 0 ov 0
6—2 = R2|:p£(21’(}1)+211}1é:| = R2|:p<zla—211+vl>+21vla—zp1:|

oq _ p2 0 dp _ p2 vy P
9 R '06‘22 (211)1)4—211)1322 = R*|pz - + 2101 .
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q2/p

%_i@_2+b__ap
Oz9 pazg \ﬁ/ vl a vl 0za

0 10 0
_ p{z_l(@ﬂw) v2]+q_2_ﬂ
822

a3 a 0z p Oz
9g2 0 g2 9p dvr 10vy q2 Op
2 7 =2 — p—t 272 a2 YP
0z3 pazg ( 1 a ) T p 87:3 0z3 a0z + p Oz3
95 _ 10qs oo
6y3 R 823
q3/p
0 0 R R 0
9% _ p— | —bfRvi + f_UQ + Rvs | + | =bfRvy + f—Uz + Rus 9P
0z3 0z3 a a 0z3

_ ( be fRavg_‘_R@vg)_F@@p

a Oz3 @ p%

The above set of equations, derived in Steps 1-4, represents the equation of continuity in
helical coordinates. By gathering expressions for 0g;/0y;s from this set, and substituting
them in Equation (5.37) on the previous page, we can obtain the helical continuity equation.
Doing so, however, would result in a messy form of the equation, and be prone to errors. Since
a sophisticated differential equation such as this one will have to be integrated numerically, a
better strategy is to order the equations obtained in Steps 1-4 such that when each equation
is evaluated (for the left-hand term), the right-hand side terms are always known. Thus,
equations ordered in this way can be sequentially evaluated beginning with the first equation.

Ordered Set of Transformed Equations

Arranged in the aforementioned order of evaluation, the set of equations representing the
helical continuity equation is as follows:

a1 _ pal (001 9
9 R [P( L9, +U1>+Z11}1821

o o ovy op
0 [f’zl 9 o
% 1 0q 2122 0q1

oy ROz  a?R 0z
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Q@ = p(bm - U—Z)

a
dq2 21 oy 1 0wy q2 Op
0zy p[ag <Z2az2 +U1) aazg} + p 020
092 _ (,0v 10v2) , 42 Op

Oz3 0z3 a0z p O0z3

9 _ _ 9¢ .9

8y2 822 823

R
3 = p(_beUI + %w + RUg)

Oas _ ( pppdU  JROv2  pOvs\ |\ 45 Op

Oz3 p( beaz3 + a Ozs JrR(’?zg p Oz3

9¢5 _ 10gs

Y3 R 0z3

dp _ 1 oq 9q2 0q3

o Z1R<8y1 ") " s 437

In the ordered set of equations above, Equation (5.37) is evaluated in the end. Its evaluation
yields the left-hand side derivative needed for the numerical integration of the continuity
equation in helical coordinates.

Q

5.3 Laplace Transformation

It is an integral transformation defined as

Fs) = / F(t)e—" dt (5.38)
0

—_————
=Lf()]

where (i) F'(s) is called the Laplace transform of the function f(¢) in the ¢-domain, (ii) s
is the variable of the Laplace transform domain, and the inverse of time, and (iii) £ is the
Laplace transform operator.

The motivation behind Laplace transformation is to have a simpler solution of equations in
the s-domain than that in the original £-domain. Once a solution is obtained in the s-domain,
the inverse Laplace transform provides the actual solution in the ¢t-domain. This objective
is indeed achievable for a large class of linear differential equations used in process control.

Laplace transformation of linear differential equations results in algebraic equations which
are easier to solve. Moreover, the algebraic equations are made of transfer functions, which
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help characterize the solution, i.e., the response of the system modeled by the differential
equations. The inverse Laplace transformation of the solution of algebraic equations yields
the actual solution.

5.3.1 Examples

We will derive the Laplace transforms of some simple functions using the definition given by
Equation (5.38) on the previous page.

Unit Step Function

This function is defined as
0, t<0

u(t) = 4000 S
1, t>0

The Laplace transform of u(t) is given by

(o}

Llu(t)] = /u(t)efstdt _ [6str
0

®» | =

s o

Pulse Function

This function is defined as

0, t<0, t>T
t =
1® {H,Ogth

The Laplace transform of f(t) is given by

LIf(t)] = 7f(t)e‘stdt = /THe—Sfdt — [7
0 0

Unit Pulse Function

Also known as the Dirac delta function, this function is defined as

0, t<0, t>T
0(t) = lim
T—0 % O§t§T

b

The Laplace transform of §(¢t) is given by

L[5(1)]

T
_e—st:l T

T 1

—st _ — ,—st —
/d(t)e dt = limTﬁO/Te di limT~>0|: sT
0

s 0

1— efsT

limT—0 8T
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Sine Wave

From Euler’s formulas [see p. 327], a sine wave of unit amplitude, and frequency w is given
by

eiwt _ efiwt
ol —
sin(wt) 5
The Laplace transform of sin(wt) is given by
o0
wt _ ,—iwt 1 —(s—iw)t —(s+iw)t 7
Llsin(wt)] = /Le”t it = — |- — 4+ ¢
27 23 s —iw s+iw |,
0
_ [ 0-1 0-1]
2| s—iw  s+iw| s+ w?

An Exponential Function

Given an exponential function, t"e~%, its Laplace transform is obtained using its definition
followed by integration by parts [see p. 327] as follows.

Llthe™] = /t"e—“te—st dt = [t”/e_(”“)tdt} — /{nt”—l/e—(é‘“)tdt} dt
0
0 0

oo

n,—(s+a)t 0
= —[t e )] + n /t"7167(5+a)tdt
0

s+a s+a
0

tnef(era)t o0 n 7

o + /tnflefatefst dt
st+a st+a

0

Applying L’Hbpital’s rule [see p. 326] successively to the first term on the right-hand side of
the last equation, we get

[t”e(sﬂﬁr _ [( nt" ! ]” _ {(n(nl)t"Q r _

s+a 5+ a)2elsta)t 5+ a)3elsta)t

n! o0
- [(s—l—a)”“e(sﬂ)t} =0

Therefore,
E[tne—at} _ < n )E[tn—le—at] _ < n ) (n - 1)£[tn—26—at]
s+a s+a sS+a
B n! [ _at] B n!
o (s+a)” - (s +a)nt!

Table 5.1 on the next page lists Laplace transforms of some common functions.
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Table 5.1 Laplace transforms of some common functions

ft) F(s) ft) F(s)
1
5(¢) 1 u(t) -
s
n n' 1 2 n _—at TL'
t Snﬁ (n — Ly 4 - ) t"e (S + a)n-i—l
. w S
sin(wt) e cos(wt) T2
—at w —at s+a
e~ “sin(wt) Graiter e~ * cos(wt) TR
. w S
sinh(wt) R cosh(wt) R

5.3.2 Properties of Laplace Transforms

Properties of Laplace transforms are as follows.

Linearity
Given two constants, a and b,
Llaf(t) +bg(t)] = aF(s)+ bG(s)

This property can be proved by using the definition of the Laplace transform.

Real Differentiation Theorem

According to this theorem, the Laplace transform of the derivative of a function is an algebraic
expression given by

E{(hcth(ft)} = sF(s)— f(0)

Proof
Using the definition of the Laplace transform, and integration by parts, we get
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o0 o0

L{%f)} - O/%Et)e_“dt = [E_Stf(t)}zo—O/—se_“f(t)dt
= |0—f(0)| +s [ et f(t)dt = sF(s)— f(0)
v so] ]

Similarly, the Laplace transform of the second derivative of a function is given by

[ 5] = [ ()] - ol -

dt?
- s[sre-s0] - |F] = e -vo-|F]

In general, the Laplace transform of the n' derivative of a function is given by

[an] = et e[

din
n—1
_..._[d f} (5.39)
t=0

dtn—l

Zero-Valued, Initial Steady State Condition
If at t = 0 the function is zero as well as at steady state then

d"f(®)
<

} — $"F(s)

The above transform does not involve any initial value of the function or its derivatives with
respect to 7.

Real Integration Theorem

According to this theorem, the Laplace transform of the integral of a function is an algebraic
expression given by

t L
ﬁL{f@M4 = Lrg
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Proof
Using the definition of the Laplace transform, and integration by parts, we get

E[O/tf(t)dt] Z[O/tf(t)dt x e_St} dt

{O/tf(t)dt/e—“dt]zo —Z{f(t)/e—stdt} dt
e ! / = 100 e st

—[ - O/f(t)dt] +g0/f dt

F(s)

—0+%/f(t)dt+§£[f(t)] =

lim t—0

Similarly, the Laplace transform of the double integral of the function is given by

£[/t/tf dtdt] 7[j/tf(t)dtdt X e‘“}dt
[/t/tf dtdt/ _“dt]zo—7{/tf(t)dt/e_3tdt]dt
_ _[ej/t/tf( dtdt} —i—é]o[/tf(t)dt]e_“dt

In general, the Laplace transform of the n™ integral of the function is given by
t t t
C|:///f(t)dtn:| = i(f)
00 0

Real Translation Theorem

According to this theorem, the Laplace transform of a function with a time delay ¢4 is given
by

LIf(t —t)] = eUF(s) (5.40)
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Proof
Applying the definition of th

Llft—ta)) = [ 5t teat =
0

e Laplace transform, and introducing 7 = ¢ — ¢4, we get

/f(T)e_S(t“J”) dr

—tq

Since f(7) = 0for 7 < 0 (i.e., t < tq), and t4 is a constant, the above equation simplifies to

EUﬁ—w]=e”“/ﬂ

Initial Value Theorem

This theorem relates the initi

e *Tdr = e *MF(s)

al value of a function to an s-domain expression as

f(t) = sF(s)
lim t—0 lim s—o0
Proof
® —st] > ood —st
SIETOIOSF(S) = Sli}rrolos/f(t)e_“dt = sll)rgo{ [sf(t)e_s ]O —s/d—{e_s dt}
0 0
o Tdf g N
= im0+ [ G (e ar = pmso
0

Final Value Theorem

This theorem relates the final value of a function to an s-domain expression as

f(t) = sF(s)
lim t— oo lim s—0
Proof
o0
lim sF(s) = lims/f
s—0 s—0

(e *tdt = lim

tin { s
(

’St>dt = £(0)+

lim e
s—0



168 Process Modeling and Simulation for Chemical Engineers

5.3.3 Solution of Linear Differential Equations

Linear differential equations are made of additive terms that are linear functions of the
dependent variables, and their derivatives with respect to the independent variables. Such
an equation gets converted to an algebraic equation upon taking the Laplace transform.
This algebraic equation yields the s-domain solution. With the help of the inverse Laplace
transform, this solution is converted to the t-domain solution.

Example 5.3.1

Obtain the Laplace transform of the following differential equation:

d%y dy
@—Fb +cy = du, y(0) = {E] oo 0

where a, b, ¢ and d are constants.

Solution

Taking Laplace transform on both sides of the above differential equation, we get

d?y  dy
E[ @—H}——i-cy] = L[dz]

Because of the linearity property of Laplace transforms, the above equation becomes

CB;} +b£{ ]+c£[y} = dL[z]

Using the real differentiation theorem [Equation (5.39), p. 165], we get

of 2 -0 - [ t_o} LY (s) — ()] + Y (s) = dX(s)

where X (s) and Y (s) denote, respectively, the Laplace transforms of 2(¢) and y(¢). Note that
the above equation is algebraic. We apply the initial conditions, and rearrange the result to
obtain the s-domain solution, i.e.,

d
Y(s) = (————— | xX(s 5.41)
(s) as? +bs+c () (
—— —_— ——
output transfer input
variable function variable

In the above equation, Y and X are the s-domain counterparts of y (system output), and x
(input function) in the ¢-domain. The coefficient of X is called transfer function.

Q

In general, the Laplace transform of a linear differential equation results in an explicit s-
domain solution. It requires to be transferred to the original ¢-domain of interest. Hence, in
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Example 5.3.1 on the previous page, if « is the unit step function w(¢), which signifies a unit
value for ¢ > 0, then X (s) = 1/s and
d 1
Y = ———— X —
() as?+bs+c s

Taking the inverse Laplace transform of the above equation, we get

d 1
t)y = LY =L x =
y(t) ¥ (s) e %S
where y is the desired solution of the differential equation in the t-domain. The evaluation of
the inverse Laplace transform requires its argument, i.e., Y (s), expressed in terms of partial
fractions. Their inverse Laplace transforms are readily obtained from previous results [see
Table 5.1, p. 164].

Solution Procedure

The following steps summarize the procedure to solve a linear differential equation using
Laplace transforms:

1. Take the Laplace transform of the differential equation.
2. Get the solution in the s-domain.

3. Express the solution in terms of partial fractions.

4

. Take the inverse Laplace transform (£~!) of the partial fractions to obtain the final
solution in the ¢-domain.

Obtaining Partial Fractions and Inverse Laplace Transforms

The s-domain solution Y (s) is of the form A(s)/B(s), where A(s) and B(s) are polynomials
of s. Based on the roots (r1, ro, ..., r,) of B(s), Y(s) is expressed as the sum of partial
fractions comprising factors (s —r1), (s —r3), ..., (s —ry,) in their denominators. The
procedure to obtain partial fractions, and the final solution depends on whether or not the
roots repeat.

Non-Repeating Roots
When the roots of B(s) are distinct, Y'(s) is expressible as

A A Ap
Y(s) = —— 4+ 2 4., (5.42)

S—r1  S—71y S —1Tn

where the coefficients A;s are given by

A = (s=r)Y(s), i=1,...,n (5.43)

lim s—r;

Utilizing Table 5.1 on p. 164, the inverse Laplace transform of Equation (5.42) above yields

y(t) — A1€7‘1t—|—A26T2t—|—-~-An€r"t
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which is the desired ¢-domain solution of the differential equation.

Repeating Roots
If m out of the n roots of B(s) repeat (i.e., have the same value) then

A A A A
Y(s)zzsirf( C—— 2 (5.44)

P s—r)m™  (s—r)m-1 s—r

where 7 is the value of the repeating roots, and the coefficients A;s are given by

. . . 1 4t
Al = (S—T) Y(S) and Az = mm[(S—T)

lim s—r
lim s—r

"Y (s)]

i = 2,3,...,m (545)

Utilizing Table 5.1 on p. 164, the inverse Laplace transform of Equation (5.44) above yields

t) = ninA- it 4 Ayt + Aqt™ 2 4ot Ay e (5.46)
S (m—1)! " (m—2) m | '
Example 5.3.2

Using Laplace transforms, solve the differential equation of Example 5.3.1 on p. 168 for
a=1,b=3,c=2,d=1andz = 2.

Solution
For z = 2, X(s) = 2/s. Using Equation (5.41) on p. 168, and substituting for X (s), we get
2d 2
Y(s) = 2 = 2
s(as® +bs +c) s(s? 4+ 3s+2)
—_———
B(s)
where the roots of B(s) are 11 =0, 7 = —1 and r5 = —2, which are all distinct. Using
Equation (5.42) on the previous page, we get
2 Al A2 Ad
Y = — = —
() s(s+1)(s+2) s +s—|—1+5+2
where, from Equation (5.43),
2
A = ——— =1
LT+ +2)
lim s—0
2
Ay = —— = =2
s(s+2)

lims——1
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2
Ay = —— =1
s s(s+1)

lim s——2

The solution y(t) is given by the inverse Laplace transform of Y'(s). With the help of
Table 5.1 on p. 164, we obtain

y(t) = L7'Y(s)] = ult) 2" +2¢7%

Example 5.3.3

Using Laplace transforms, solve the differential equation of Example 5.3.1 on p. 168 for
a=1,b=4,¢c=4andd = 1.

Solution
Here the roots of B(s) are r; =0 and two repeating roots ry =713 = —2. From
Equation (5.44) on the previous page with m = 2,
2 A A A
Y(s) = — =5 = — 455+
s(s+2) s (s+2) s+2
Using Equation (5.43) on p. 169 for the non-repeating root rq,
2 1
A = —— = =
T (5422 2
lim s—0

Using Equation (5.45) on the previous page for the repeating roots r; and rg,
~ 2

A = - = -1 and
s
lim s——2
~ 1d /2 2 1
A = @ —— — = _—— — —
? 1lds (s) s2 2
lim s—s—2 lim s——2

The solution y(t) is given by the inverse Laplace transform of Y'(s). With the help of

Table 5.1, we obtain
U(t) LY _o
RPN (I
()

<
—~
~
~—
I
o
L
b<
—~
»
Pt
I

Example 5.3.4

Using Laplace transforms, solve the differential equation of Example 5.3.1 on p. 168 for
a=1,b=—-2,¢c=>5and d = 20.
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Solution
Here the roots of B(s) are r; = 0, 7 = —1 + 2i and r3 = —1 — 2i, which are all distinct.
The last two roots are complex. From Equation (5.42) on p. 169,
20 A A A
Y(s) = - _ = 24 z 4 LA
s(s+1—2i)(s+ 1+ 29) s s+1—-2i s+1+2i
Using Equation (5.43) on p. 169,
2
A = - Y — =4
(s+1—-2i)(s+1+29)
lim s—0
20
Ay = —— = =241
2 s(s+ 14 24) e
lim s——1+2¢
2
As = 2 — = —2—7
s(s+1—2iq)

lims——1—21
Thus, the solution is given by the inverse Laplace transform of Y'(s), i.e.,
y(t) = LTY(s)] = dut) + (=2 +0)e 72 4 (-2 —d)el 772N

The above solution has exponential function with complex powers, which is related to
sinusoidal functions through Euler’s formulas [see p. 327]. To express the solution in terms
of a sine wave, we rearrange the solution, and use the formulas as follows:

y(t) = 4u(t) — 2e T e et — 207l _ el 20
= 4u(t) _ 26715(62” + 672“ ) + Z-eft(e%t . 6721'15)
——— ————
2 cos(2t) 2i sin(2t)

= du(t) —2e7" [2005(%) + sin(2t)

In the last equation, dividing and multiplying the last two terms by v/22 + 12, we get

sin 6 cos 6
2 1
y(t) = 4u(t) —2e7* { \/ﬁ cos(2t) + \/Tﬁ sin(2t) | /22 + 12

where 6 = tan—!(2/1) = 1.1072 rad or 63.44°. Utilizing the trigonometric identity
sin(p +¢) = sinpcosq + cospsing
we finally obtain
y(t) = 4u(t) — 2v/5e "t sin(2t + 6)

Thus, if ¢ is in s, the solution has a sinusoidal term with angular frequency w = 2 s~ !, and
time lag § = 63.44°.

a
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Transformation to Deviation Variables

So far, we have solved linear differential equations with zero-valued, initial steady
state conditions, which simplified the involved Laplace transforms. For linear differential
equations with non-zero initial conditions, the same simplification can be achieved by
transforming the dependent variables to deviation variables.

Given a dependent variable z(¢) of a differential equation, a deviation variable is defined
as the difference of z(¢) from its initial value, i.e.,

zZ(t) = z(t) — z(0) (5.47)
From the above definition,

5 d*z d*z

Thus, the initial value of a deviation variable is zero. Moreover, its derivative is the same as
that of the dependent variable. We utilize these results in a general linear differential equation

d"y(t) )
n din +an,1w+~--+aoy(t) =
d™ () dmLa(t)
i 4
b 3m bm—1 prT + -+ box(t)+ ¢ (5.48)

where n > m for linear differential equations describing real-world processes.

Let %(¢) and g(t) be the deviation variables, respectively, for x(¢) and y(¢). Then in the
above differential equation, the substitution of (i) Z(t) + =(0) for z, (i) §(¢) + y(0) for v,
(iii) the derivatives of & and ¢ for those of x and y, respectively, and (iv) the result obtained
from the differential equation at the initial steady state, i.e.,

aoy(0) = box(0) +c

yields
d"y(t) d"ly() )
n g an,lw+~--+aoy(t) =
d™z(t) d™Li(t)
b bp1————= + - + boZ(t
dem 1—ggmmt o bo(t)

Note that the initial condition of the above differential equation is §(0) = #(0) = 0. The
Laplace transform of the equation yields

. bys™ + bmflsm—l + -+ o A(S)
Y = X _
) ( ApS™ + Qp_18" 1 4+ - 4+ ag (s) B(s)

From the above equation, §(¢) is obtainable as usual from Equations (5.42)—(5.46) on p. 169—
170. Then from the definition of §(¢), the solution of Equation (5.48) above is given by

y(t) = §(t) +y(0)
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Handling Time Delays

Process models can involve functions with time delays. A simple example is liquid flow rate at
a tank inlet. Any change in the flow rate appears after a certain time duration (delay) required
by the liquid to travel the distance between the pump (which varies the flow rate), and the
tank. If the distance is large then the delay might be large enough to be taken into account.

As illustrated in Figure 5.6 below, a function y with a time delay t4 is expressible as
y(t — tq) by shifting the ¢-axis such that initial function value (y;) is at the zero shifted time,
i.e., (t — td).

y(t) y(t) y(t —tq)

YirTooo ; Yi Yi

0 tq tq 0
t— t— (t—tq) —

Figure 5.6 Representation of a function y(¢) with a time lag ¢4 as y(¢t — tq)
Laplace transformation of a function with time delay involves the application of the real
translation theorem [Equation (5.40), p. 166], as shown in the following example.

Example 5.3.5

Find the Laplace transform of the function
t—>5
y(t) = u(t—>5) [1 —exp (—T)]

Solution
The function has a delay of 5 units of time. Applying the Laplace transformation, we get

t—5

Y(s) = c[u(t5)(1ev)} = L[z(t—5)]

=2z(t—5)

Then according to the real translation theorem

Y(s) = ePL] = eefup(i-et)] = e {cuv) - Lfuwet])

e—5s l _ 1 _ 6_58
s s+ i s(7s+1)
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Solving Linear Differential Equations with Time Delays

When using Laplace transforms to solve such an equation, the real translation theorem is
applied as shown in the last example. This results in a multiplicative exponential delay term,
which is retained until the inverse Laplace transformation is carried out. The real translation
theorem is applied again to get the solution. The following example illustrates this procedure.

Example 5.3.6

Using Laplace transforms, solve the following differential equation:

dgé—gt)—ki%y(t) = ut—2), y0) =0

Solution

Applying the Laplace transformation to the above differential equation, we get
1

—2s5

sY(s)+3Y(s) = e .

Rearranging the above equation yields
_ 1 _as| A1 Ay
Y _ 2s — 2s o4
R | e o=

In the above equation, we have set the delay term e~2° aside, and expressed the remaining
terms in the square brackets as partial fractions. Using Equation (5.43) on p. 169, we obtain

1 1 1 1
A1 = = —= and A2 = — = —=
s+ 3 3 ] 3

lim s—0 lim s——3

Thus, we have

YO = g gy ) = 549
N————

=Yi(s)
Now the inverse Laplace transform of Y7 (s) as indicated above is

1 1 t
yi(t) = gu(t) - ge_?’t = UT) [1—e?]
Since Y (s) = e~2%Y} (s) from Equation (5.49) above, the inverse Laplace transform of Y (s)

is the solution

y(t) = L—l[e—zsyl(s)} = @[1_6—3(:&—2)}

=y1(t —2)
from real translation
theorem

Thus, because of the delayed input function w(t — 2), the solution y(¢) is delayed
accordingly.

Q
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Simultaneous Differential Equations

Laplace transformation can be used to obtain the solution of simultaneous linear differential
equations. Essentially, the transformed equations are linear and algebraic. They are
manipulated to obtain the expression in terms of partial fractions for each dependent variable
in the Laplace domain. Then the inverse Laplace transforms of the expressions yield the
overall solution in the time domain. The following example illustrates this procedure.

Example 5.3.7

A CSTR carries out a reversible reaction
k
A=—B
k1

where kg and k7 are the forward and backward reaction rate coefficients. The concentrations
of species A and B, respectively, cg and c; in the reactor are given by

de - G
d_to = f(éo —co) —koco +kic1,  (0) = &
dCl ~ C
o = fa-a)-keatkc, a0 =a

where f is the volumetric flow rate per unit volume of the reaction mixture, and ¢y and ¢; are,
respectively, the feed concentrations of A and B. Using Laplace transforms, find ¢ (t) for the
parameters given in Table 5.2 below.

Table 5.2  Values of parameters for the CSTR of Example 5.3.7

parameter  value parameter  value
f 0.2s7! Co 1 kmolm™3
¢1 0 kmolm™—3 o, C1 0 kmolm~—3
ko 200s~1 k1 10571

Solution

The above differential equations are linear, and therefore can be solved using Laplace
transformation. Taking Laplace transforms of these equations, we get

& + % Tk Cy

__ Ja _
S go/ Cop = p (f+k0)00 +kC; = OO = S+f+k0
Lco) Rfi—/
=ap
é
C, —¢ fa k1)C1 + koC, C El+%+koco
sG oma = T m - Urk)G kG = G = g

Llc1] S——

=ail
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Substituting the expression for Cy into the one for C, we get after some rearrangement
50(S+a1) f60(8+al)

Co = (s+ag)(s+a1) —kokr  s[(s+ ao)(s+a1) — koki]

n kicy " fkicy
(s+agp)(s+a1) —kokr  s[(s+ aop)(s+ a1) — kok1]
For the purpose of illustration, let us assume that the values of ag, a1, ko and k; are such
that the roots of the quadratic, (s + ag)(s + a1) — kok1, in the above equation, are non-zero
and distinct. In terms of these roots, namely,

— + 24 — kok
so1 = (ao + a1) \/(ao —|—2a1) (apay ok1) (5.51)
we can express the right-hand side of Equation (5.50) above as the sum of partial fractions
using the formula for distinct roots. For example, the last term of that equation can be

expressed as

(5.50)

fkicy A B C
= =+ +
s(s —s0)(s —s1) s s—S S—$&
where

A — fkicy _ fkicy

lims—0| (s — s0)(s — s1) 5081
B - { fkic } _ fkic

lim s—sq S(S — 81) 80(80 — 81)
o fkic _ fkic

lim s—s1 | $(s — S0) s1(s1 — $0)

Note that the inverse Laplace transform of the last term of Equation (5.50) is
A+ Be®ot  Cest?

Expressing the remaining right-hand side terms of Equation (5.50) as partial fractions, and
taking the inverse Laplace of the resulting equation, we obtain

Co(t) _ f[éo(So =+ al) + k‘léﬂ n {80(80 =+ al) + k161 n f[éo(So =+ al) + k‘léﬂ }esot
5051 S0 — 81 s0(s0 — s1)
n {00(80 +a1) + kic n fleo(s0 + a1) + k1] }eslt
S1 — So 51(51 - 50)
For the parameters given in Table 5.2 on the previous page, s = —0.2 and s; = —210.2 from

Equation (5.51) above. Note that these roots are non-zero and distinct as assumed. Using these
roots and parameters, we finally obtain

co(t) = 4.7574 x 1072 — 4.7619 x 10292 — 45308 x 10~ 52102

which is the desired expression for the concentration of species A in the reactor. The
concentration of the other species can be found in the similar manner.

Q
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5.4 Miscellaneous Transformations

In addition to the major transformations presented above, there are some useful ones, which
help with the handling of equations in process models. These transformations are as follows.

5.4.1 Higher Order Derivatives

Consider the n'" order ordinary differential equation of the form
dyo _ (4" "y dPyo dPyo y
dt dtn 7 den=1 T A de2 00

in which the right-hand side is a function of the dependent variable, and its derivatives of
order higher than one. With the introduction of

g = o
LT
_ dn o
2 = " ar?
_dyp & Ay
Ys = "4 de2 de?
— dynfl _ d2yn71 — .. = dnl/o
Yn = "q a2 i

the original differential equation gets transformed into the following set of (n+ 1)
differential equations:

dyo

V. f(ynvyn—lv"'7y3ay27y0)
dt

dyn _

dr Y2

dgo _

dt Ys

dyn  _

dt Yn—1

When the initial values of y, and its derivatives are known, the above set of equations can be
integrated with standard solvers such as Runge—Kutta methods.

5.4.2 Scaling

Consider the set of n ordinary differential equations

dy;
dt

= fi(y(hylv"'?yn—l); i:0717"'7n_1 (552)
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with y;(0) specified as g; for each i™ variable. For better handling of errors in y;s during
numerical integration with step-size control, we should normalize or scale each dependent
variable y;, based on its maximum expected value.

Let ¢; be the maximum absolute value of y; over the integration interval. The maximum
value may be known a priori, or could be an estimate. Then based on such values, we define
scaled variables as

- Y
Yi = =3
Yi

Differentiating both sides of the above equations with respect to ¢, and using Equation (5.52)
on the previous page, we obtain the set of scaled differential equations

dgi _ fi,
dt 7

i=0,1,....,n—1 (5.53)

where §;(0) = ;/9; is the initial condition of the i, scaled dependent variable.

5.4.3 Change of Independent Variable

Sometimes it is desired to solve differential equations until a specified value of a dependent
variable is attained. One way to do that is to transform the equations such that the dependent
variable becomes the independent variable.

For example, to render y, as the independent variable in the set of equations in
Equation (5.52), we invert the first equation of the set, and use the chain rule of differentiation
[Section 8.7.3, p. 319] on the left-hand sides of the remaining equations to obtain

dt 1 dy; ;

— = — and Yi _ ﬁ; 1=1,2,....n—1

dyo fo dyo fo
The above differential equations can be integrated from g to a final value of yy with t = 0,
andy; = g; fori =1,2,...,(n — 1) as the initial conditions at yo = .

5.4.4 Semi-Infinite Domain

Sometimes we need to solve differential equations in a semi-infinite domain, i.e., with
conditions specified at the infinite value of the independent variable. Consider for example,
the set of following ordinary differential equations:

dyo N
o = Jolwoyn)i we(r=o0) = 7o
r

dy _

2 = . e O =

dr f1(yos v1); ya(r ) Y1

To handle the semi-infinite r-domain [0, co], we utilize the hyperbolic function
tanhr — sinhr _ el —e "
coshr er+e "

This function has a special property —itis O at 7 = 0, and 1 at » = co. Thus, with

s = tanhr
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as the new independent variable, the domain of integration is [0,1] for the last set of
differential equations. Using the chain rule of differentiation [Section 8.7.3, p.319],
dy,  dy;ds dy;

- = = 1 — tanh?r); i =0,1
dr ds dr ds(qzn—?:)’ ! ’

With the help of the above result, the differential equations get transformed to

dyo fo N
ds = mQ y0(5 = 1) = Yo
dy, fi _
ds 1_82§ yi(s=0) = i

over the finite s-domain of [0, 1].

5.4.5 Non-Autonomous to Autonomous Differential Equation

An autonomous differential equation does not carry the independent variable explicitly, e.g.,

dwo _
dt Yo
On the other hand, the following is a non-autonomous differential equation:
dy: 2
= = yit—ut
a -

Any non-autonomous differential equation can be transformed into a set of autonomous
differential equations by prescribing the independent variable as an additional dependent
variable. For example, with the introduction of the new state variable

y2 =1
the non-autonomous differential equation above is transformed into the following set of
autonomous differential equations:

dy
dt

dy2

2

— — and 77 =
Y1Y2 uys dt

5.A Differential Operators in an Orthogonal Coordinate System

In this appendix, we derive the expressions for important differential operators in an
orthogonal coordinate system (y1, Y2, y3).

5.A.1 Gradient of a Scalar

The differential change in a scalar function F'(y1, y2, y3) is given by

oF oF oF
dFFf = —dy; + —dy, + =—d
1 Y1 s Y2 I Y3
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The last equation can be written as

hidyy OF  hodys OF | hadys OF

dF = il
hi Oy ha  Oyo hs 0Oys

(5.54)

where h;s are the scale factors of the orthogonal coordinate system. Now, taking the dot
product of Equation (5.5) on p. 142 with §,, ¥, and y 5 yields respectively,

hldyl = }A’1~dX7 hgdyg = S’z'dx, and hgdyg = S’3'dX.

Upon substituting the last three relations in Equation (5.54) above, we get

1 OF 1 OF 1 OF
dF = Vi—— +Vo—— +yv.—— | - d 5.55
(”hlayl”%am+Y3h38y3> * -39

But in Cartesian coordinate system (x1, T2, x3),

oF oF oF
dFFf = —d —d —d
0x1 o1t 0x1 T2+ 0xs 3

2 6_F+ < a_F+ < 8_F
Xlaxl X28x2 X38.’E3

VF

) . (d.l?lf(l + dxoxs + d$3§(3) = VF -dx
dx

where the vector VF' is called the gradient of F'. Comparing the last equation with
Equation (5.55) above, we obtain

1 OF 1 OF 1 OF

VF = §1 o ¥y o 53— (5.56)
V1 hy Oy Y2 ha Oy Y3 hs Oys
——— —— ——
(VF)1 (VF)2 (VF)3

with (VF); as the component of VF along the y;-direction. Note that V is the gradient
operator given by

P 1 0 n 1 0
i Oyr | 2hy Oy Y *hs Oys

5.A.2 Divergence of a Vector

The divergence of a vector f is given by V -f. In the orthogonal coordinate system
W1, Y2, Y3)s

v f

1 0 1 0 190
Vf = (y1—— 40— +V3—2— | - (Aiy1 + fo¥2 + f35:
(yl hy Oy, Y2 ha Oy s hs Oys ) (/191 + fo¥2 + f5¥35)
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Expanding the right-hand side of the last equation, we get

=t11 =t12 =t13

.1 0(fHy .1 9(fry .1 9(fry
V= gy, (f131) Ly, (f151) FYa— - (f1y1)
hi oy ha 0y hs Jy3
=t
+9 i I foys) | i . I(foys) | i . 9(f2¥2)
! hy oy 2 ha Yo 3 hs 9y
=t
.1 0 .1 9O(fsy .1 9(fsy
+y1_ . (f3y3) Vo— (f3y3) Va— - (f3y3) (557)
hi oy ha 0y hs dy3
=t3
We simplify the above equation in the following three steps:
Step 1
Since the magnitude of the unit vector ¥, is unity,
yi-y, =1
——
9112
Differentiating both sides of the above equation with respect to y;, we get
o . .
_ y . y — O
ay]( 1 1)
Expanding the left-hand side of the above equation results in
N SR 51 .9y,
oy T oy oy,
Step 2
Next, we consider
0%x 0 ox 0 . oy . Oh
L) L gy < g
Oy20y1 Oy2 \ Oy1 Yo Yo Yo
~— N— ——
= h1y, S1
[from Equation (5.3), p. 140]
Similarly,
0? 0 0 0y . Oh
x (X) = Y2y O
9y10y2 y1 \ Oy2 oy oy
~—r N——— ——
= h2y2 So

[from Equation (5.3)]
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Since the last two mixed partial derivatives are the same, the vectors denoted as s; and sy are
the same as well. Equating their dot products with ¥, we get
~ ~ 8 y 8h1 6y ~ 6h2
S1°¥1 = Sy > My AV Vo = her Y+ Yo
8 Y2 —— 8 8y —— 8

=0
[from Equation (5.58), previous page]

The above result can be written as
R 8y2 1 om

= 5.59
Y oY1 ha Oya -9
Fori,j € {1,2,3}, Equations (5.58) and (5.59) generalize, respectively, to
ov.
. 2Yi = 0 (includingi =),  and (5.60)
8yj
ay ; 1 Oh;
y Yi _ —8 1# ] (5.61)

yi- )
8yi ]’Lj ayj

Step 3
We now resolve the terms of Equation (5.57) on the previous page as follows.

5’1 a}’1 N 8fl> fi. 83’1 1 afl N .
tin = 5~ = + =
H hy (fl layl hy Y dyr  hi oy \ﬁle/

=0
B i % [from Equation (5.60) above]
hi 8y1

5’2 a}’1 A afl) fi. 0y, 10fi. .
t = —_— = = s 1 .
2 ha (fl 133/2 h Y2 0y ha Oy Y2 N1

With the help of Equation (5.61) above,

tiy = fi 0%
hihs Oy

Similarly, we obtain

T
! hihs Oy

Thus,
Lo _fr Oha  fr Ohs
hl ayl hiho ay1 hihs 3y1

tp = tin+tie+tiz3 =

which can be expressed as

1 0
t1 = hah
! h1h2h3 8:1/1 (fl 2 3)
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In the same manner as above, the terms ¢, and ¢3 in Equation (5.57) on p. 182 are obtained as
1 0 1 0

—————(fohh d t3 = —————(f3hih

hihahg Oy (fehahy) - an ? hihahsz Oy (fshaha)

Substituting the ¢;s in Equation (5.57) on p. 182, we finally obtain

ty =

vf- 1 |9

0 0
—_— hohs) + ——(fahi1hs) + —(f3h1h
hhaha | 90 (frhahs) s (f2h1hs) s (fshih2)

(5.62)

5.A.3 Laplacian of a Scalar
The Laplacian of a scalar function F' is given by

V?F = V.-VF = V-g

=8

93] " Using Equation (5.62) above,

1 0 0 0
VF = V.g = —— | —(g1hah —(g2h1h —(gshih
& = i | ow (g1h2 3)+8y2 (921 3)+8y3 (g3h1hs)
In the above equation, we substitute from Equation (5.56) on p. 181,
1 0F

T 7 ; | = 17273

g h; Oy; '
and obtain

S N (PR N (TR W (AT
hihahs | Oy1 \ h1 Oy Oy2 \ ha Oya Oys \ hs Oys
5.A.4 Curl of a Vector

The curl of a vector f = [ f

fo f3] in the orthogonal coordinate system (y1, Y2, ¥/3)
is given by

Vxf = VX iy, + VX foys+V X f3y,

Using the identity
Vxab = aVxb+Vaxb (5.63)
where a is a scalar, and b is a vector,
V x flyl = V x (flhl) & = (flhl)V X & +V(f1h1) X &
hy h1 h
=p =q

(5.64)
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In the last equation, the term denoted p vanishes as follows:

p = (fih1)V x <%) = (fih))VxVy, = 0
1 f

—— =0
=Vuyi

[from Equation (5.56) on p. 181
with y1 as F]

In the last step, we have used the following result that the curl of a gradient is zero:
From the definition of the cross product [see Equation (8.2), p. 301],

Y1 Yo Y3
1o 10 10
V x Vf = h1 6y1 ha 8y2 hs 3y3

1of 1of 10f
hi ay1 ha 3y2 hs (3'3/3

= [ (om0 ) 9~ (s (s~ o))
| hohs \ Oy20ys  Oy3Oya _Y1 hihs \ Oy10ys  Oy30y Y2

iz (g~ )92 = ©
G

due to the equality of mixed partial derivatives.
Using Equation (5.56) on p. 181, and the definition of the cross product of two vectors, we
get the last term of Equation (5.64) on the previous page as

Y1 Yo NE
1 0(fihy) 1 0(fih) 1 9(fih)
4= |h 0Oy ha  Oyo hs  0ys
1
h_l 0 0
1 9(fih). 1 9(fih1) .

hihs  Oys Y2 hihe  Oyo Y3
which is equal to V x f1¥;. Thus,
1 _8(f1h1)h . d(frh1)

hihahs | Oys 2Y2 0y2

VX fiy: = h3$’3

Similarly, we obtain

1 _3(f2h2)h - 8(f2h2)h1y1 and

hihohs | Oy RE 0ys3

V X foy, =
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1 a(fsh:s)h . 9(fshs)
hihohs 3192 1 3y1

V X f3§3 = hays

Combining the last three equations, we finally obtain

hiy, heys h3ys
Lo 0 o
hihohs ayl 8y2 8y3

hifi  hafe hsfs

Vxf =
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Exercises
5.1 Find the scale factors of spherical coordinate system.

5.2 Find the expressions for the gradient of a scalar, divergence of a vector, curl of a vector,
and Laplacian of a scalar in spherical coordinate system.

5.3 Derive the equations to transform a position-independent vector from cylindrical
coordinate system to the helical coordinate system of Example 5.2.1 on p. 157.

5.4 Obtain the helical equation of motion for the polymer melt in Example 5.2.1. Assume
that the melt is a Newtonian fluid of constant density and viscosity.
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5.5 Find the concentration of species B as a function of time in Example 5.3.7 on p. 176.

5.6 Prove the following properties of Laplace transforms:

Ltf(t)] = —EF(S) (complex differentiation theorem)
Left)] = F(s—a) (complex translation theorem)
where F'(s) is the Laplace transform of f(¢).

5.7 Use Laplace transforms to solve the following differential equation:

d

5.8 Obtain the Jacobian of scaled differential equations [see Equation (5.53), p. 179] in terms
of the Jacobian of the original differential equations.
5.9 Explain the rationale behind the logarithmic transformation of functions.

5.10 Propose a transformation to solve a set of differential equations with some dependent
variables of very small orders of magnitude.

5.11 Prove the identity given by Equation (5.63) on p. 184.
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Model Simplification and
Approximation

In this chapter, we present methods to simplify process models as well as to approximate
them. The motivation behind these methods is to render complicated process models more
amenable to solution, or to develop simpler models based on experimental data.

For model simplification, we present the methods of scaling and ordering analysis, and
model linearization. The methods of dimensional analysis, and model fitting are presented
for model approximation.

6.1 Model Simplification

As a general rule, a process model can be simplified by increasing, or moderating
assumptions. Doing that makes one or more terms unnecessary in the model. The elimination
of those terms therefore results in a simpler model.

We can simplify a process model by assuming the following:

1. Steady state condition, which eliminates the time derivatives in the model.

For example, the differential equations of the isothermal CSTR model [Section 4.1.1,
p. 80] get simplified to algebraic equations under the steady state assumption.

2. Insignificant spatial variations in a property, and using its space-averaged, or lumped
value in order to free the model from the corresponding spatial derivatives.

For example, in the model of tapered fin [Section 4.2.3, p. 96], assuming insignificant
variations in 7" with respect to y, and using the lumped temperature eliminates from
Equation (4.25) on p. 98 the terms having partial derivatives with respect to y. This
results in a simpler model, which consists of an ordinary differential equation.

3. Negligible changes in a property, and treating it as a constant.

For example, in the model of solvent induced heavy oil recovery [see Section 4.2.7,
p. 108], if diffusivity is additionally assumed to be constant then the term involving
the derivative of diffusivity drops out from the solvent mass balance [Equation (4.41),
p- 110].

4. Linearity of certain terms in the model.

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
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For example, we can convert the non-linear differential equations to linear differential
equations, which are easier to handle and solve. Linear equations are in fact extensively
used in process control.

However, model simplification is fruitful only when the added, simplifying assumptions
are justified. The criterion for a valid assumption is that the ensuing model predictions should
be satisfactorily close to reality. This is likely to happen when the terms that get eliminated
due to model simplification are sufficiently weak, i.e., their contributions to the model are not
significant enough.

6.1.1 Scaling and Ordering Analysis

This analysis helps in the identification of weak terms in process models. Given a process
model, the variables are scaled with respect to their maximum expected values, and
introduced in the model. The additive terms of the model are compared with each other to
reveal the weak terms for elimination from the model.

Consider the following process model of an isothermal plug flow reactor with axial mixing:

Oc D82c Oc 9

t =0: ¢ =0V 0<z<L (6.2)
0: vcozvc—D?

2 = Y vo<t<y 6.3)
. 2y
9z

In the above equations, c is reactant concentration, ¢ is time, D is reactant diffusivity, z is
axial variable, v is fluid velocity, k is reaction rate coefficient, L is reactor length, cq is c at
the reactor inlet, and ¢; is final time.
We begin the analysis by defining the following scaled variables:
R c A t

c = , t = —, z =

6.4
o " (6.4)

z
L
Observe that the original variables are normalized with respect to their maximum possible
values so that the resulting scaled variables have the maximum value of unity. With the help
of these definitions, the derivatives of c are given by

Oc B 0 o dc ot B c_o%
5% = 5 (co€) = co Bf@f/ = L7 (6.5)
1/tf

de 0 N dc 02 cpOc

@ = a—Z(COC) = CO&@ = f% (66)
=f 1/L

e _0f _0f02 _ («@\1 _ o 0% ©67)

022 0z 920z \Lo2)L — L?pz2 '
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For the comparison of terms of the process model later on, we assume that the magnitude of
0¢/t is close to the ratio of the overall change in ¢ to that in #, i.e., 1/1 or unity. Similarly,
the values of 0¢/0% and, by extension, 826/ 922 are close to unity. Thus, the order is unity
for the derivatives involving only the scaled variables.

Substituting the expressions for ¢, z, ¢, and the derivatives of ¢ from Equations (6.4)—(6.7)
on the previous page into Equations (6.1)—(6.3), we obtain the following scaled process model
of the reactor:

19¢ D 8% v oe -
t=0: ¢ =0V 0<:<1
D e
0 v—vé—fgf
2 = A Flvo<ic<i (6.9)
1. 28y
0%

Equivalent to the original model given by Equations (6.1)—(6.3), the scaled model offers the
advantage of model simplification depending on the relative magnitude of terms in the scaled
equations. To illustrate this, we use the parameter values shown in Table 6.1 below.

Table 6.1 Parameter values for the plug flow reactor

parameter  value parameter  value
te 103 s L 70 m
o 0.2 kmolm—3 k 5.2 x 1073 m3 kmol =1 s~!
D 1078 ms2 v 6.4 x 1072 ms!

Substituting the parameter values of Table 6.1 in Equation (6.8) above, we get

~ 2 A ~
1072 - [%] = 2x107". [a_g] - 91x107". [8f] — 107° - [¢°]
i iz L “

where the bracketed terms are of order unity. Upon rearranging the above equation as

02¢
922

a—f = 2><10—9~{

0z

57 } - 9.1x10_1.[6é} - [@] (6.10)

smallest term

we observe that the second term of the above equation is the smallest of all the terms. In fact,
that term is significantly smaller — by at least eight orders of magnitude — than the rest of the
terms in the equation. Thus, the relative contribution of the second term being negligible, it
can be ignored and eliminated from the equation.
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Substituting the parameter values of Table 6.1 on the previous page in the first boundary
condition (for 2 =0and 0 < ¢ < 1)in Equation (6.9), we get

oé
64x1072 = 64x1072-[¢] — 14x10710. { ?}
v v
T

which can be rearranged as

o¢
1 = [¢] — 22x1077-
9 E3
In the above equation, the last term is significantly smaller — by nine orders of magnitude —
than the rest of the terms, and can therefore be eliminated.
With the aforementioned eliminations, the scaled model of the reactor simplifies to

10¢ v 0¢

29 _ _vOC L2 11
t O Loz et ©.11)

it =0: ¢ =0V 0<:<1

0: ¢ =1
5 — N vV o<i<i1
1 %y
0z

Remarks

It must be noted that the above model simplification rests on the assumption that the involved
derivatives are sufficiently close to unity. If, for example, 9¢/ 9% atsome 2 > 0is very high,
say, of the order 10%, then the second term of Equation (6.10) on the previous page would not
be negligible but comparable to other terms. The elimination of this term would then render
the model predictions erroneous.

In general, before accepting a simplified model, its predictions should be carefully
analyzed, and checked against experimental data. Seemingly negligible terms of a model
can become significant during the process if there are (i) coupled equations that influence
dependent variables strongly, and (ii) combinations of variables and parameters that can
change by several orders of magnitude.

Further Simplification

If the reactor has to run continuously for many months (as is normal in chemical plants) then
Equation (6.11) above could be further simplified after a certain time duration. For example,
when t; = 10% s (i.e., 11.6 days), that equation becomes

10—3 . {%} = — 9.1 x 10_1 . |:g§:| - [62]

in which the first term is at least two orders of magnitude smaller than the remaining terms,
and could be ignored. In other words, the reactor may be assumed to be under steady state
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after 11.6 days from the startup, and describable by
oc k‘LCO

- = A2

0% vc
0: ¢ =1

z = dé
1: — =0

0z

Note that the above set of equations constitutes a steady state model, which describes the
reaction process when the contribution of the time derivative term in Equation (6.11) on the
previous page becomes relatively insignificant.

6.1.2 Linearization

Linearization is the approximation of a non-linear function by a linear function passing
through a reference point. In its vicinity, the handling of the linear function, and its evaluation
are simpler compared to the original non-linear function. Appendix 6.A on p.220 provides a
formal description of a linear function.

Consider for example a non-linear function f(z) shown in Figure 6.1 below. The linearized
approximation, or linear function at a reference point x is a tangent line of slope f’(x). From

linear estimate of f at z + Ax

FU) A F(2) A [ g

error in the estimate

true fatx + Az

f(x + Ax) ....................................................................................... ........
linearized function :
(slope f'(z) = tan )

non-linear function

T T+ Ax

Figure 6.1 Linearization of a non-linear function

this approximation, the function value at a nearby location (x + Ax) is [f(z) + f/(z)Ax].
Note that this estimate involves some error relative to the true function value. As can be seen
from the figure, the smaller the Ax the smaller the error in the estimate.

Linearization of process models is readily carried out with the help of the first order Taylor
expansion.
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Linearization using First Order Taylor Expansion

A function that has first order derivatives with respect to its variables can be linearized using
the first order Taylor expansion [see Section 8.8.2, p. 323]. The expansion of a function f(x)
at the reference point X is given by

fx) = f(x)+ Z folX) (zi — Z;) (6.12)

where x = [ml T e l’n] T, and f,,(X) is 0 f /Ox; evaluated at x = X. Observe
that the above equation provides f as a linear function of x. This f is an approximation or
estimate of the actual function value at an x in the vicinity of X. The closer the x to X the
better is the function estimate.

The first order Taylor expansion is widely used to linearize differential equations.

Linearization of Differential Equations

Consider the ordinary differential equation

F
% = V(cm —¢) — kc?, ¢(0) = ¢ (6.13)

describing the change in reactant concentration ¢ with time ¢ in a CSTR. In the above
differential equation, the right-hand side f is a non-linear function of ¢, which depends on
time ¢, and is ¢ initially. The flow rate F’, reactor volume V, feed concentration ¢;,, reaction
rate coefficient k, and ¢ are known constants.

The differential equation above can be linearized by expressing the non-linear term f(c) as
the first order Taylor expansion about a reference reactant concentration ¢. Doing this yields

% — @+ Y e—g = f(a)+<—§—2ka>(c—5) (6.14)

dc Iz
where c is a concentration in the vicinity of ¢. It is important to note that the linearized
equation is accurate in proportion to the proximity of c to c.

Linearization about Steady State

Many chemical engineering processes operate most of the time under steady state condition,
which provides a typical reference point. Under this condition, dc/dt = 0 in Equation (6.13)
above. This means that

f@)

where ¢ is c at the steady state, serving as the reference concentration at ¢ = 0. Using the
above result in Equation (6.14) above, we obtain the linearized equation in the vicinity of the
steady state, i.e.,

0

de F _ _ o
i _<V + 2kc> (c—¢), c(0)=c¢ (6.15)
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Use of Deviation Variables
It is convenient to express Equation (6.15) on the previous page in terms of the deviation
variable [see Equation (5.47), p. 173] defined as
¢ =c—cC
From the above definition,
de dé
= ¢+c ¢(0) = 0 d — = —
c ¢+ ¢, ¢(0) , an " "
Using the above expressions of ¢, ¢(0) and dc¢/dt in Equation (6.15) on the previous page,
we obtain

dé F
d—f = _<V +2ké)é, &(0) = 0
which is the linearization of Equation (6.13) on the previous page in terms of the deviation
variable. This procedure is generalized for a set of ordinary differential equations as follows.
Generalization

Consider a process model given by the following set of ordinary differential equations:

d
& = frp) = f@),  ¥(O0)=y (6.16)

where y, f and p are the vectors of the dependent variables, right-hand sides of the above
equations, and parameters given, respectively, by

y =[n wp yn]T, i f2 fn]T and
T
P=1[m D2 - Dm

The vector z is defined as

y
7 =
P
Around a reference point z, the linearization of Equation (6.16) above is then given by
d _ _ _ _
d—“z = f(z)+3@)(z—2), y0) =y (6.17)
where J is the matrix of partial derivatives of f with respect to z, i.e., the Jacobian
0z1 0za 0z
J = (92’1 (92’2 8,21 7 l=n+m
of Ol Oy
L 621 (92’2 821 |
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Note that Equation (6.17) on the previous page involves J(z), which is J evaluated at the
reference point z.
For linearization around the steady state, f(z) = 0. The linearized equation is then

¥ @2, Y0 =y

In terms of deviation variables,
yEy_yv pEp_p7 i.e., Z = 72—12
the linearized equation is given by
4%
2 =@z ¥(0)=0

Example 6.1.1

Linearize the CSTR model given by Equations (4.1)—(4.5) on p. 82. Express the linearized
model using deviation variables.

Solution
The CSTR model comprises the differential equations in which the vectors of dependent
variables, and right-hand side functions are, respectively,

. FAfCAf*FCA_kCC
A v 1CACB
Fgeegs — Fep
cB — v kicacs — kacpec
y = and f =
Fe
Cc ——C + k’chCB - k'QCBCC
\%4
Fc
_CD_ I _—VD + kchCC |

. T
Let the vector of the other variables (except t) be p = [CAf ch] . Then the augmented
vector z and the matrix of partial derivatives J are, respectively,

of  Of Oh  oh  9h  Oh

Jdea Ocp Occ dcp Ocar Ocpy
z — y and J — dea Ocp Occ dcp Ocar Ocpy
dea Ocp Occ dcp Ocar Ocpy

of Of Of Oh  Ofi  On

| Oca Ocp Occ dcp Ocar Oct |
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Expanding the terms of J, and evaluating them at the reference point z, we get
F Far
v kic —kica 0 0 % 0
B
—k1Cp —— — k1A — kotc —kota 0 o =2
-\ \% v
I(z) =
_ _ _ F _
k‘ch ]ﬁCA — kQCC _V - kQCB 0 0 0
F
i 0 kicc kics 7 0 0 ]

Substituting for y, £(z), J(z) and z in Equation (6.17) on p. 195, we get the linearized CSTR

model, i.e.,
Fyepar — Fe F
dd% = 7“61“‘/ @ kicaCp — (V + kch> (ca — ¢a) — k1ca(cs — C)
f1(2)
F
+ %(CAf — Caf)
d Fgecgr — Fé
% = 7chBf‘/ ‘B — ki¢éaCg — koCplc — kléB(CA — EA)
f2(2)
F B
- (V + kiCa + k25c> (cg — ) — kaCg(cc — ec) + 7Bf(CBf — Cgf)
dc Fe¢ _ _ _
d_tc = —TC + k1¢aCp — kocCplc + kiléB(CA — EA) + (kch - kQCC)(CB - CB)
f3(2)
F
- (V + k2€B> (cc —ec)
dep Fep F

@ - v + kicgec + kicc(ep —cB) + kicg(cc — ec) — V(CD —Cp)
| S —]

fa(z)
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If z corresponds to the steady state then the elements of f(z) as indicated above vanish.
Then, in terms of deviation variables, the linearized CSTR model is given by

dd% - _ (5 + k153>éA — kyéacp + %éAf
dd% = —kiCpla — (é +kica + k2CC> g — kaCplc + %éBf
dd% = kicpéa + (k1Ca — kacc)ip — (é + k2CB>éC
dd% = kyécép + kicgéc — VéD
with zero initial conditions.

Qa

Linearization of Partial Differential Equations

Partial differential equations are linearized in the same manner as above using the first order
Taylor expansion.

Consider Equation (4.16) on p. 92, which after expanding, and dropping the subscript ‘s’,
can be written as

Ow 1 0w 1 dw)?

where f is the right-hand side as a function, which is dependent on the variable vector,
T . .
X = [w Wy Wyy D] . Applying the first order Taylor expansion to f, we get

%_j = f(%)+ {g—i]x(w—w) + [%L(wy — @) + [%L(wyy — Wyy)
N {%L(DD) (6.19)

where the right-hand side is the first order Taylor expansion of f(x) in the neighborhood of
some reference value of x givenby x = [0 @, @y, D] ’
are the partial derivatives evaluated at x, i.e.,

_ Ow _ 0%w
O)y = @ ) and wyy = 8—y2 )

From Equation (6.18) above,

- ol (24)]

. Note that &, and @,
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and the partial derivatives of f are as follows:

of _ pl_ww 2w af _ 2wD

Ow 1-w)? (Q1-w) Ow,y (1-w)?
of _ D f _ e (@ )
Owyy — 1—w oD  1-w l-w

Expressing the above derivatives at X, and substituting them into Equation (6.19) on the
previous page along with f(X) yields the linearization of Equation (4.16) on p.92, i.e.,

f(x)
TR R FCR
R = 8) + T oy — )
f(x)/D

Linearization around Steady State

Equation (6.20) above becomes the steady state linearization with the following provisions:
With X = X(y) as the steady state reference, dw/0t = f(X) = 0. It means that the first and
second terms of Equation (6.20) vanish. Furthermore, assuming D to be non-zero, the last
term of the equation vanishes as well, and f(X) = 0 yields

2
Y

1-w

B w
Wyy =
The solution of the above differential equation for the specified boundary conditions provides
w(y), Wy (y) and @y, (y), which are needed in the steady state linearization.
Linearization of Functions for Error Analysis

The linearized form of a function can be used to get an estimate of the error in the function
value due to uncertainties in the variable values. Based on the first order Taylor expansion of
a function f(x) at a reference point X [see Equation (6.12) on p. 194], we can write

F) — F®) ~ i[af]x D

—— i—1 axi
Af Ti—— Az
')

where Az; is the uncertainty in the i variable from the reference value Z;, and A f is the
associated change or error in the function value. Note that the right-hand side obeys the
operator inequality [see Section 8.5.3, p. 305],
n n
D @Az < Y I ()| A|
i=1

i=1
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Combining the above inequality with the expression for A f, we get
Af <) If ®)]Az|
i=1
where the right-hand side provides the approximate, maximum function error, i.e.,

Af =Y 1P ®)]A] (6.21)
=1

Example 6.1.2

The half-life period of thermal decomposition of a species is estimated from

e = mpep(z) I8l

where P is pressure in Pa, T is temperature in K, and a, b and c are constants. Their numerical
values are ¢ = 1.5 x 1078, b = 0.7, and ¢ = 3 x 10%.

Estimate the maximum error in ¢1/5 at P =4 x 10* Pa and T' = 800 K if there is 10%
uncertainty in both P and 7" measurements.

Solution
From Equation (6.21) above, the maximum error in ¢; /5 is given by
. 8t1/2 8t1/2
At = AP AT
1/2 < ’ P |AP|+ 9T |AT| .
B x00115+‘ - ‘ % 0.01T
I V2 PPt T2V ey T
= 6.65 x 10* s

The half-life at the given P and T is 1.74 x 10° s. Hence, the maximum relative error in
the estimate of half-life period, i.e., Aty /o /t1 /2, is about 0.38. This implies that the estimate
is sensitive to the uncertainties in P and 7" measurements.

Q

6.2 Model Approximation

Without using fundamental laws, we can still develop an approximate model of a process
based on experimental data. We can either figure out a relation using dimensional analysis,
or simply postulate a relation for the involved variables. In either case, the relation when
fitted on the data becomes the model of the process. This model is also known as empirical
correlation.

We will first present dimensional analysis, and then present techniques for model fitting.
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6.2.1 Dimensional Analysis

Dimensional analysis is the derivation of dimensionless combinations of the variables
involved in a process. These combinations are called dimensionless numbers, which can
be related with each other to form the model of the process.

Consider the vector y = [yo U1 s ynfl] i of n variables in a system, which
are to be related as
Yo = f(Y1,925--sYn—1)
If m is the number of the involved dimensions (e.g., mass, length and time) then according to
the Buckingham pi theorem, the above relation is equivalent to

My = FII;,Ms,... .My 1) (6.22)

where 1I;s are the dimensionless numbers given by
pi
ay a2 Am

qd1 427 - - -Gm

with the following provisions:

I, = ; i=0,1,....n—m—1 (6.23)

1. A g; is an element of the variable vector y, and carries the i™ dimension D,;.
2. No two g¢;s are the same.

3. The p;s are also the elements of y, but are other than the ¢;s.

The proof of the theorem is provided in Appendix 6.B on p.221.

The benefit of the Buckingham pi theorem is that its application reduces the number of
variables in a functional relation by the number of involved dimensions. This is advantageous
when experiments need to be done to determine the relation between the variables. Consider
for example, five variables involving three dimensions of mass, length and time. To determine
the relation

Yo = f(ylay27y3ay4)

we need to perform experiments with different values of dependent variables, and obtain the
corresponding values of yy. Suppose the requirement is to do experiments for five different
values of each dependent variable. Then the total number of experiments to be done is
5% = 625. However, the application of the Buckingham pi theorem yields an equivalent
relation

Iy, = F(IL)
whose determination for the same experimental requirement needs only five experiments as

opposed to 625.

Example 6.2.1

Find the dimensionless numbers involved in the transfer of a species between a bubble of gas
and liquid. The variables for this process are bubble diameter, density, viscosity, and approach
velocity of liquid; and the mass transfer coefficient, and gas-phase diffusivity of the species.
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Solution

The six process variables along with their units, and three dimensions are as follows:

d =m = L v =m-s ! = L7}
~ ~—
bubble liquid velocity
diameter approaching the bubble
p =kg-m? = ML k =m-s ' = LT}
~ ~
liquid species mass
density transfer coefficient
p =kg-mt.st = Mol D =m?-st = LT !
~ <
liquid species diffusivity
viscosity in gas

In the above equations, M, £ and 7 denote, respectively, the dimensions of mass, length and
time. With n = 6 and m = 3, we seek the relation [see Equations (6.22) and (6.23), previous

page]

I, = F(II,1,) (6.24)
where
Di .
Hi = ﬁ; 220,172
Q11‘Z22Q33

are the dimensionless numbers to be determined in terms of the six variables. We begin by
selecting

Q1:d7 QQ:UaandQB:P

each of which involves one of the three dimensions, namely, M, £ and 7. The remaining
variables are

p():k, plz.u’aandPZZD

Determination of 11,

The zeroth dimensionless number is given by

Do B k
0'e’es  dmuepe

Iy, =
Using square brackets to denote dimensions, we have

k
Mol = [dalv‘” pes ]

which means that

LT!
(L) (LT 1) (ML=3)"™

MOLOT? =
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Equating the powers of M, £, and T in the last equation, we obtain, respectively,
0 = —as, 0 = 1—ay —asz+ 3as, and 0 = —1+ as.

From these relations, a; = a3 = 0, and as = 1. As a result,

Determination of 11,
The next dimensionless number is given by

P _ H
q?l q¢212 qgg - dalvagpag,

m =

As before,

m
II = |—
[ 1] |:dm a2 p113:|

which means that

MOLOTO — MLT

(L) (LT 1) (ML=3)"™

Equating the powers of M, £, and T in the above equation, we obtain, respectively,

0 =1-as, 0 = —1—a; —as+ 3as, and 0 = —14as.

From these relations, a1 = as = a3 = 1. As a result,

1

nm = —
! dup

Determination of 11,

The last dimensionless number is given by

m, — D2 _ D
2T e T dmvepes
As before,
D
M) = [dalvaz e ]
which means that
£2T_1

MET = TP T e

Equating the powers of M, £, and 7 in the above equation, we obtain, respectively,

0 = —ag, 0 = 2—a1 —as+ 3as, and 0 = —1+ as.
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From these relations, a1 = as = 1, and a3 = 0. As a result,

D
I, = —
2 dv

Recombination

The dimensionless numbers are often recombined to obtain alternate dimensionless numbers
that allow for easy physical interpretation and quantification. For example,

1. The ratio
Iy  kd
I, D
where Sh is called Sherwood number. It is the ratio of the convective rate of mass
transfer to the rate of diffusive mass transfer.

= Sh

2. The inverse of 114, i.e.,
1 d
= = %P _ Re
L, H

is called Reynolds number. It is the ratio of force arising from momentum to that from
fluid viscosity. This ratio helps quantify the relative contribution of the two forces.

3. The ratio
H2H0 = i = Sc

where Sc is called Schmidt number. It is the ratio of kinematic viscosity (1/p) to
diffusivity.

Thus, we can replace 11, I1; and I, with, respectively, Sh, Re and Sc. Instead of determining
the relation given by Equation (6.24) on p. 202, we can determine

Sh = g(Re,Sc)

from experiments. With this approach, we can obtain realistic interpretation of the process
through the numerical values of the Sh, Re and Sc. For example, a low value of Sh would
mean the dominance of diffusion over convection in the process. This information is not
revealed by IIy, IT; or II, as such.

From experimental studies, several correlations of the form

Sh = aRe’Sc’

with fitted values of parameters a, b and c are available.
Q

6.2.2 Model Fitting

Given a set of experimental y versus x data points — {(z1,71) (z2,%2) - (Tn,¥yn)}
— where z and y are process variables, we can find the unknown coefficients of a specified
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relation, e.g., a, b and c in the relation
y = az’+br+c

such that it predicts y values from x values satisfying certain criterion of accuracy. This
procedure is known as model fitting. The relation and fitted coefficients constitute the fitted
process model.

There are two main criteria for model fitting:

1. minimum least-squares error

2. perfect agreement of predictions at data points

Using the first criterion, a model is fitted such that the square of the errors between
experimental data points, and the corresponding model predictions is minimum. Model fitting
based on this criterion is known as least-squares regression.

The second criterion makes it necessary for the model prediction to match exactly with
each data point. Model fitting based on this criterion is called interpolation.

Least-Squares Regression

We will first describe least-squares regression to fit a straight line, and a polynomial to a set
of experimental y versus x data points: {(z1,y1) (z2,42) -+ (@n,¥yn)}. Then we will
present a generalized method for least-squares regression.

Statistical Terminology

For the aforementioned set of y versus = data points, the mean of y;s is defined as

The sum of the squared errors around the mean is given by

n

S = Z(ﬂ—yi)Q

i=1
The variance of y;-values is defined as

n

S 1 _
312/ = = Z(y —vi)®

n—1 n—14%
=1

where (n — 1) is called the degree of freedom. The standard deviation in y;-values is Sy, 1.€.,
the square root of variance. Finally, the coefficient of variation in y;-values is the ratio, s, /7.
For the model y = y(x) fitted on the data set, the sum of the squared errors is given by
n
E =Y (i—w)’
i=1
where ¢; is the model prediction for x;. Then the coefficient of determination is defined as
9 S—F

T = —

S
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The square root of the coefficient of determination (i.e., r) is called correlation coefficient. It
relates to the improvement in prediction by the model y = y(z) over that by g. For perfect
fitt F=0andr? =7 = 1.

Least-Squares Regression to Fit a Straight Line

The objective here is to fit to the data set, a straight line
Yy = a1 +agx = Ui = a1+ agx;

such that the sum of the squared errors,

n n
E =Y (i-w)? =Y (a1+am; —y)°
i=1

i=1

is minimum. The necessary conditions for the minimum are

0F -

90, = 2;(a1+a2xi—yi) =0 and
E n

O = 23 l(wr +azw - y)ai) = 0

i=1
It is easy to check that the sufficient conditions (9?E/da;? > 0 and 9%E/0as? > 0) are

satisfied for the minimum of E. Thus, the minimum corresponds to the solution of the
necessary conditions, which yield

n n n
i=1 i=1 =1

n n 2
i=1

=1

a; = Y — asT and ay =

as the fitted coefficients of the straight line.
Least-Squares Regression to Fit a Quadratic
In this case, the objective is to fit to the data set, a quadratic

2 5 2
Yy = a1+ asx + asx = Yi = a1+ axx; + azx;

such that the sum of the squared errors,

n n

E = 2:(3/Z —y)? = Z(al + agw; + azzi — y;)?

i=1 =1
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is minimum. The necessary conditions for the minimum are

OF Z"
day - 21‘:1(@1 +azw; +aza —yi) = 0
E n
272 - 1:1:[((11 +azw; + asa —yi)ui] = 0
OF -
% = 2 E [(a1 + agz; + azsl’? - yz)ﬂff] =0

=1

It is easy to check that the sufficient conditions (i.e., 3*E/da1? > 0, 8> E/0as? > 0, and
0?F/da3? > 0) are satisfied for the minimum of E. Thus, the minimum corresponds to the
solution of the necessary conditions recast as

n n n
2

n E T; E Ti| (a1 E Yi

i=1 i=1 i=1
n n n n
E X4 E x? E 3| ax| = E 5y (6.25)
i=1 i=1 i=1 i=1
n n n n

2 3 4 2

E Ty E Ly E ;| (as E T3 Yi
i=1 i=1 =1 i=1 ]

whose solution provides the fitted coefficients (namely, a1, a2 and as) of the quadratic.

Generalized Least-Squares Regression

Consider in general, the least square fit of a function

y = yla,a2, ..., Qm, T1,22,...,2;) = y(a,x)
=a' =x'
to the experimental set of n data points: {(x1,y1) (x2,%2) -+ (Xn,¥n)}-

In the above equation, a is the coefficient vector, and x is the variable vector. Its it
experimental value is x; = [mu To; ‘. xli} T corresponding to ;. The objective
here is to minimize the sum of the squared errors given by

n n
Ea) = > (gi—v)* = ) le(a) (6.26)

= €; (a)

where y; = y(a, x;) is the predicted value of y corresponding to x;.
From Newton’s optimization method [see Appendix 6.C, p.223], the algorithm to find the
a that minimizes F is

-1
N K () [ 2 [ e S
a(k)

9a\da )| o |02

———
{H[a®w]} ! VE[a(®)] k=0,1,2,...
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where VE and H are, respectively, the gradient and Hessian of F with respect to a.
Using Equation (6.26) on the previous page,

ger Oer Oey
8(11 5‘a2 8am
ez Dey Oes

- Oe; fa, Oay Oan

VE = 22el(a) 5a — |l e o en

1= eT
Oen e Oen
da;  Oas Oa,

J
= 2J"e

where J is the Jacobian of the error vector e. Moreover,

9| & de; " (0e\? & e
H = 83[2;@(::1)%] = 2{2((3&) +;€iaa2]
- -

i=1

JTJ

Gauss—Newton Algorithm

In this algorithm, the second order derivatives are discarded from the last equation, and
the Hessian is approximated as H ~ 2J "J. An initial guess vector a(?) is then iteratively
improved using,

—1
albth) — k) _ [JTJ] JTe; k=0,1,2,... 6.27)

Example 6.2.2

Fit a quadratic to the following data of carbon dioxide diffusivity (D)) versus its concentration
(c) in polypropylene at 190°C and 2.67 MPa:!

¢ (kgm™?) ‘O 1.0847 2.1694 3.2541 4.3389 5.4236 6.5083 7.5536

D x 10°
3.9004 6.8729 7.0911 6.8354 6.3765 5.7881 5.0680 4.2123

(m*s™h)

Next, use the Gauss—Newton algorithm to fit the following logarithmic function:

2
D = aj;+azlogo(14+¢)+as [loglo(l + c)}
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Solution
To fit a quadratic, we use Equation (6.25) on p. 207, which results in

8 30.3325 164.1269 | a1 46.1447
30.3325 164.1269 993.8141| |ag| = |168.9424
164.1269 993.8141 6404.8981| |as 859.1468

The solution of the above equation provides a; = 4.7260, ag = 1.2737 and a3 = —0.1846.
Hence, the fitted quadratic is

D = 4.7260 + 1.2737¢ — 0.1846¢> (6.28)

Next, we apply Gauss—Newton algorithm to fit the given logarithmic function. The i error,
and its partial derivatives with respect to the fitting coefficients (a1, a2 and ag) are given by

2
e; = aj +aslogo(l+¢) + as| logyp(1+ ci)} —D;

de; de; de; 2 .
Bai = 1 Doy logy(1 + ¢); 90 [loglo(lﬁ—ci)} ; i=12,...,8

The above expressions form the error and Jacobian, respectively, as

¢ ger  der ey
! 8&1 6&2 80,3
862 862 862
“ day  Oay das
e = and J =
¢ Ges  Des  Oes
8 8@1 aag 8a3

which are needed in the algorithm [see Equation (6.27), previous page].
With the initial guess of a(®) = [1, 1, 1] , the algorithm converges in the second iteration to
a1 = 3.9036, a; = 13.6387 and a3 = —14.1466. Hence, the fitted logarithmic function is

2
D = 3.9036 + 13.6387log, (1 + ¢) — 14.1466 [1og10(1 + c)] (6.29)

The two fitted functions along with data points are plotted in Figure 6.2 on the next page. It
is observed from the figure that the logarithmic function fits the data significantly better than
the quadratic function.
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8
Q
(8]
g
=)
=
A
x L
Q O data point
20 quadratic function
- —— logarithmic function
O 1 I 1 I 1 I 1
0 2 4 6 8
¢ (kg/m?)

Figure 6.2 The fitted quadratic and logarithmic functions [Equations (6.28) and (6.29) on the previous
page] along with data points

Table 6.2 below shows the sum of the squared errors (F), and the coefficient of
determination (r2) for the two fitted functions. With the logarithmic function 72 > 0.99, and
FE is two orders of magnitude less than that with the quadratic function.

Table 6.2 Quality of the fitting functions

fitted function E r?
quadratic, Equation (6.28) 2.3831 0.7810
logarithmic, Equation (6.29) 0.0432 0.9921
Qa
Interpolation

Interpolation is typically carried out with polynomials. In this section, we present
interpolation with polynomials and splines where the latter involve low-order polynomials.
We can express a polynomial of degree n, which is given by

y(@) = ao +oaz+ oozt + ..+ apa”

for a set of (n + 1) experimental data points: {(zo,y0) (z1,41) -+ (Zn,yn)}. The
solution of the resulting equations yields the (n + 1) coefficients («;s) that are needed to fit
the polynomial so that its prediction matches each data point exactly.

The coefficients can be determined systematically using Newton’s interpolation method,
or Lagrange’s interpolation formula.
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Newton’s Interpolation Method

In this method, the n™ degree polynomial is expressed involving the experimental z;s as
y(x) = ag+a1(x —x0) + az(x —zo)(z — 1) + az(x — xo)(x — 1) (x — 22) + - -
+an(x —x0)(xr — 1) (T — Tp_1) (6.30)

The unknown coefficients a;s are found by substituting x;s for = in the above equation.
Substituting x( for x in the above equation yields

ao = y(zo)
Substituting x; for = in Equation (6.30) above yields

1) —a 1) — Y\
a; = y( 1) o _ y( 1) y( 0) = y(fElywO)
Tr1 — Xo 1 — Xo

—_——
divided difference

where multiple function arguments as in y(x1,xo) imply a divided difference expression.
Substituting x5 for = in Equation (6.30) yields

y(lo) al(xl—IO)

—~ /_/—
a = y(r2) — ag —ai(r2 — x0) _ y(r2) — y(r1) +y(x1) — y(x0) — a1(w2 — 20)
? (z2 — z0)(T2 — 71) (z2 — z0)(T2 — 71)
_ oylxg) —y(r) —ai(we —2) 1 [yle) —yle)  y(@) —y(zo)
(332 —370)(352—331) T2 — o T2 — 1 1 — o

y(z2,71) a1

_ y(x27$1)7y(x17$0) = y(l'Q,xl,«rO)
T2 — X0

Substituting 3 for z in Equation (6.30) similarly yields

y(l’g,il?g, 1:1) B y(x27 'Ilaxo)
I3 — To

asz =

y(x3, T2, 71, 20)
Thus, in general

a; = y(xiaxi—la"'axl)7y(xi—l7$i—23"'7x0) = y(xi,xi—17~--,zo)
T; — X

1i=1,2,...,n (6.31)
which involves the divided difference formula,

ylxj, zj_1,. .., Th—1,Tp) = Y@ oty @) Y1 Ty, T) (6.32)
Tj — Tk
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Example 6.2.3

Find the interpolating polynomial for the following data using Newton’s interpolation:

Solution
Since the number of data points is four, we need the third degree polynomial, i.e.,

y(x) = ap+a1(x —xg) + az(x — x0)(x — x1) + as(x — zo)(z — 1) (x — z2)
where the coefficients a;s are obtained as follows.
ap = y(wo) = y(l) = 1

For the remaining a;s, we use Equations (6.31) and (6.32) sequentially.

y(x1) — y(wo)

ar = y(z1,29) = 56667
1 — X9
az = y(x2,71,70) = y(@2, 1) — y(21,T0)
o — X0
ylegay) = YT TYE) g 7
To — I
= ay = —0.6212
az = y(xg,xQ,thO) _ y(x371'2,{171)—y(m27x1’$0)
I3 — X
(g, o) = L3 T2) Zy(@a21)
T3 — T
ylas zy) = AT g0

T3 — T2

= y(zs,x2,21) = 0.2500

y(x9,x1,30) = ylrase) =y@ino) g eopg
T2 — X0

= a3 = 0.1162
Thus, the interpolating polynomial is
y(x) = 142.6667(x — 1.5) — 0.6212(z — 1.5)(x — 3)
+0.1162(x — 1.5)(z — 3)(z = 7)
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The interpolating polynomial along with the data points is plotted in Figure 6.3 below.

6 —
3 —
0 —
Y
3+
6 O data point
polynomial
-9 s | s | s | s | s
0 2 4 6 8 10

Figure 6.3 The fitted polynomial along with data points

Lagrange’s Interpolation Formula

This is a straightforward formula for the interpolating polynomial, and is given by

lL’*IL‘j

(6.33)

xi—xj

y(@) = > Li(x)ys where Li(z) = []
i=0 =0
i

Example 6.2.4

Find the first and second order interpolating polynomials using Lagrange’s interpolation
method.

Solution
For the first order polynomial,

y(x) = Loyo + L1y

r — I r — X
Yo+ | —— |n
To — T1 1 — Xo
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For the second order polynomial,

y(®) = Loyo+ L1y1 + Lay2
r — I r — X2 Tr — X r — T2
Yo + Y1
To — X1 To — T2 1 — o Ty — T2
r—x r—x
)G
T2 — X0 To — T

Interpolation with Splines

Consider fitting a polynomial to a set of 11 data points. The interpolating polynomial y(x)
will be of 10" degree, and have 10 roots. This means that the y-curve will cross the z-axis up
to 10 times at the root locations, thereby giving rise to oscillations. They may occur in the x-
interval of the data points, and cause erroneous predictions. This situation is avoided by fitting
low-degree polynomials for each subset of two consecutive data points, while maintaining
continuity at the internal data points. These polynomials are called splines.

We will derive linear, quadratic and cubic splines for the n intervals of the set of (n + 1)
experimental data points: {(zo,%0) (z1,y1) -+ (Tn,¥n)}-

Linear Splines
These are equations of a straight line for each subset of two consecutive data points, or the
corresponding x-interval. Over the i interval, [z; 1, x;], linear splines are simply

yi(x) = mi(r —zi—1) + Y1, Tic1 < v < xy; 1=1,2,...,n
where m; is the slope in the interval, and is determined from

Ty — Tj—1

m; =
To find y at a given z, the surrounding ;" interval [€j—1,2;] is identified at first. The

y-value is then obtained from the corresponding j spline, i.e., y;(z).

Quadratic Splines
These are quadratic polynomials for each subset of two consecutive data points, or the
corresponding x-interval. Over the i interval, [z;_1, 7;], quadratic splines are given by

yi(r) = a;z® + bz + ¢, Tio1 < x < x4 1=1,2,....n

where a;, b; and ¢; are 3n unknown coefficients. They are determined based on the following
considerations:

Function Equality at Intermediate Points At an intermediate x;, both the i" and (i + 1)
splines should yield the same y;. This condition provides the following 2(n — 1) equations:

2 2 .
a;v; + bz + ¢ = 1%y F bz e = yis i=12,...,n-1
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Derivative Equality at Intermediate Points Again, at an intermediate x;, both the it and
(i + 1)™ splines should yield the same derivative with respect to z. This condition provides

the following (n — 1) equations:

2a;x; +b; = 2ai+1xi—|—bi+1; 1=1,2,....,n—1

Terminal Function Values At the terminal points, we have the following two equations from
the corresponding splines:

a17g + bizg + 1 = Yo

anxi + bnxn +Cn = Yn

Zero Second Derivative Lastly, we specify that d%y /da? = 0 at z¢. This specification yields

d2y1

dz?

zo

0 = ai = 0

The 3n equations above appear as the following matrix equation:

- x3 1z
2 3
0 O
0 0
0 O
0 O
21 1
0 O
0 O
0 O
1 0

0 0
0 0
x? x1
0 0
0 0
0 0
—2xr; -1
2x9 1
0 2z, 9
0
0 0

0 0 0 0
0 0 0 0
0 0 0 0

22 0 xpq 1 0
0 0 1‘%71 Tn—1
0 0 22 Ty
0 0 0 0

—2z5 -1 0 0

0 -2z, -1 0 0
2x, 1 0 -2z, -1

0 0 0 0

ai
by
C1
ag
by

C2

Yo

Y1

Y1

Y2

Y2

Yn—1

Yn—1

(6.34)
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The solution of Equation (6.34) on the previous page provides the 3n unknowns, namely,
a;, by, ¢; for i =1,2,...,n. The value of y at a given x is obtained in the surrounding ;"
interval [x;_1, x;] from the corresponding quadratic spline, i.e., y;(z).

Example 6.2.5

Fit a set of quadratic splines to the following data:

Use the splines to calculate y(2.5).

Solution
Applying Equation (6.34) on the previous page to the above data for n = 4, we obtain

0 0 1 0 0 0 0 0 O 0 0 0] a1 2
1 1 1 0 0 0 0 0 O 0 0 0] b 3
0 0 O 1 1 1 0 0 O 0 0 0f|a 3
0 0 O 4 2 1 0 0 O 0 0 0] |a2 1
0 0 0 0 0 0 4 2 1 0 0 0] b2 1
0 0 O 0 0 0 9 3 1 0 0 0] fe 7 5
0 0 O 0 0 0 0 0 O 9 3 1] |as - 5
0 0 0 0 0 0 0 0 O 16 4 1| (b3 4
2 1 0 -2 -1 0 0 0 O 0 0 0] fecs 0
0 0 0 4 1 0 -4 -1 0 0 0 0] |a4 0
0 0 0 0 0 0 6 1 0 -6 -1 0]]|bs 0
1 0 0 0 0 0 0 0 O 0 0 0] [ea] 10
The solution of the above equation is

al 0 as ) as 9 ay —14

bi| = |1|+ |be| = | 7| |bs| = |-41]|, and jp, | = 97

c1 2 Co -1 c3 47 Cy —160

forxz € [0, 1] forz € [1,2] forx € [2,3] forz € [3,4]
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Since, = 2.5 lies in the third interval [2, 3],

y(25) = 9 x25% + (—41) x25 + 7 = 0.75.
N——

as b'; c3

Note that in quadratic splines, the specification of zero derivative results in a straight line
interpolation between the first two data points. This is obviated in cubic splines.

Cubic Splines

These are cubic polynomials for each subset of two consecutive data points, or the
corresponding x-interval. Over the i interval, [z; 1, x;], cubic splines are given by

yi(z) = a;x® + b;x® + iz + d;, T <x <y 1=1,2,....n

where a;, b;, ¢; and d; are 4n unknown coefficients. Their determination requires 4n
equations, which can be obtained from the same procedure as followed above for quadratic
splines. There is an efficient procedure, however, which reduces the number of equations.
That procedure is as follows.

Let p and ¢ denote, respectively, the first and second derivatives of y with respect to x.
Then the equations for cubic spline interpolation are obtained in the following three steps:

Step 1
We express q over the i'" interval, [x;_1, ;] using Lagrange’s interpolation formula [see
Equation (6.33), p.213] for n = 1. Thus,

r — X;
) — 1)+
ale) = oot o

r— T;—1 .
7Q(‘T1)a Ti—1 ngxla Z:1727"'7n

Step 2
Next, we integrate the above equations twice. The integration constants are resolved using
the condition y;(z) = y(x;) at each intermediate x;. This results in

q(z;)
6(5(}7; — Xi—1

yl(x) = m(xz_$)3+ )(JC—.I‘i_l)S

N [ y(wio) _ q(@id) (@ —xil)}(% _ )

T; — Tj-1 6

+ [ y(z:) - q(xi)(xi_xil)}(x—xil); 1=1,2,....n (6.35)
Ty — Xi—1 6

The above equation has unknown gs at x;_; and ;. They are found in the next step.
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Step 3
We differentiate the last set of equations to obtain p;(x) for i = 1,2, ..., n. Considering the
equality of dy/dx at z; obtained from p;(x) and p;11(x), we get

(i = 2i—1)q(wi-1) + 2(Tiv1 — wi—1)q(zi) + (Tit1 — 2i)q(Tit1)
6 6

= m[y(xi-‘rl) - y(l'z)] + m[y(l‘i_l) — y(gjz)]

With the specification of ¢(xo) = ¢(x,) = 0, the above equations can be expressed as

_Z(mg—xo) @ —2) 0 0 0 _ g(a) _
(@2 —21) 2@s—m1) (@s—z2) O 0 g(2)
0 (ws—m2) 2(ws—2) (34— 73)
0 0 (wa—m3) 2(x5—x3) (w5 24)
0 (@u-2—Tu-s) 2@nr — 2as) (@nct — 2no2) | |a(@a-s)
0 0 0 0 (Tn-1 = @a2) 20 —2a-2) | [alan-)|

y(x2) — y(a1) n y(zo) — y(1)
To — X1 1 — o

ylzs) —y(a2) | y(21) —y(z2)
T3 — I To — I

Il
o

(6.36)

y(zn—l) - y(l‘n—Q) + y(él?n—s) - y(xn—Q)

Tp—1 — Tn—2 Tp—2 — Tn-3

y(n) = y(Tn-_1) + Y(@n—2) — y(Tn-1)
Tp — Tn—1 Tp—1 — Tn—2

Equation (6.36) above is solved once to obtain the ¢(x;)s. The value of y at a given x is
then obtained in the surrounding j" interval [z;_1, z;] from Equation (6.35) on the previous
page for¢ = j.

Example 6.2.6

Fit a set of cubic splines to the data of Example 6.2.5 on p. 216. Compare the fit with that of
the quadratic splines.
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Solution

Applying Equation (6.36) on the previous page to those data, we obtain

4 1 0|]|q) ~18
1 4 1|[¢®2]| = | 36
0 1 4|[q3) —30

The solution of the above equation is
[a(1)  q2) q@B)] = [-793 1371  —10.93]

Note that g(0) = ¢(4) = 0. With these ¢(x;)-values, Equation (6.35) on p. 217 enables the
calculation of y at a given value of x. Thus, y(2.5) = 2.83 from that equation for i = 3, i.e.,
the third z-interval.

Comparison with Quadratic Splines

Figure 6.4 below shows the y-values obtained from cubic splines of this example, and
quadratic splines of Example 6.2.5 on p.216, along with data points. The y-values outside
the z-interval [0, 4] are linear extrapolations from the terminal splines.

From the figure, it is observed that cubic splines provide a tighter fit to the data than
quadratic splines. The latter have oscillations that grow beyond = = 2. No such oscillations
are present in cubic splines. The value of y(2.5) is 0.75 from quadratic splines as opposed to
2.83 from cubic splines.

-
1
\
y \
\
3 ‘
O data point :
-6 cubic splines |
\
gl s quadratic splines |
|
I | I | | I :
-1 1 2.5 3 5

T

Figure 6.4 The y-values obtained from cubic splines of this example, and quadratic splines of
Example 6.2.5, along with data points
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6.A Linear Function

. . T .
Let f be a function of the variable vector* x = [xl To mn] . Then f is a
linear function if it satisfies the superposition principle, i.e.,

flaix® + ayx®] = og fxV] + s f[xP)]
for all x™) and x® in the x-domain, and all scalars a; and cs.

Example 6.A.1

Determine whether the following functions:
i f(x) = 21+

ii. g(x) = 21+ a3
. . T
are linear with respecttox = [z @] .
Solution

In order to be linear, f(x) and g(x) must satisfy the superposition principle.
Given two arbitrary variable vectors in the x-domain,

xgl) x§2)

x) = and x?) =
:L‘;l) xéQ)

the first function is linear because

f[oqx(l) + agx@)] = [ almgl) + 042:1052) ] + [ alxél) + agmg) ]

Z1 T2

aq [ ac?) + xél) ] + ao [ 3:52) + 3352) ]
—— N———
FlxM] flx®]

= a1f[x(1)] + an[X(Q)]
However, the second function is not linear because

g[oqx(l) + azx(z)] = [ almg) + 0@3:52) ] + [ oq:cgl) + agmgz) ]2

T g
B al{ xgl) o [x;1)]2 + 20429551)3352) } + a2{ x§2> + ag [9652)]2 }
—_—
¢g[x(1)] #g[x(g)]

#* oqg[x(l)] + azg[x(Q)]

*It could be a scalar with just one element.
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General Form
The general form of a linear function of x = [xl To e ;vn] T is
fx) = a-x+1b

T. .
where a = [al as cee an] is a vector of constants, and b is another constant.

Linearity Check

A quick way to determine whether a function is linear is to check the interaction of the
variables. A function is linear if its variables satisfy all of the following conditions:

1. There is no multiplication or division between variables.
2. No variable is raised to a power other than unity.

3. No variable is an argument to a transcendental function (such as exponential,
logarithmic and trigonometric functions).

Put differently, a function is non-linear if any of the above conditions is violated.

6.B Proof of Buckingham Pi Theorem

Consider n variables, yg to y,,_1, which can be related as

Yo = f(y17y27"'7yn—1) (637)

Let the set of y;s carry m dimensions, Dy to D,,. Then according to the Buckingham pi
theorem, the above relation can be expressed as

o = F(IIy, 1o, .. 1)

where 11I;s are dimensionless numbers.

Scaling Transformation

Note that the dimensions of y; are given by
[y;] = DI x D32 x -+ x Dgim 1=0,1,...,n—1
Thus, when the first dimension is scaled by a factor e” to give the transformed dimension,
D1 = ¢° D
the variables get transformed accordingly to
7 = (eP)viry,; 1=0,1,....,n—1
Because of dimensional consistency on both sides of Equation (6.37) above, we have

o = f(51,02,- - 0n-1)
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Elimination of D,
Let y; for j > 0 be the variable depending on Dy, i.e., with «;; not zero. Then we define

—o1 /a1

Zi = Yiy; ; 1=0,1,...,7 -1
Zn—1 = Yj
s = gy, YO =4l -1

Let the z;s be related to each other as
20 = g(21,22,-++52n-1) (6.38)

Then if z;s undergo the aforementioned scaling transformation then

Zo = g(Z1,%,...,Zn-1) (6.39)

Invariance

It is interesting to note that z;s other than z,,_; are invariant with respect to the dimension
D; since they are not affected by the scaling transformation. For example,

5 = eﬂailyi(eﬂajlyj)—ail/ajl — yiy;ail/a]‘l
= z; 1=0,1,....,n—2

Thus, we can write Equation (6.39) above as

20 = (21,22, ., 202,71z, _1)
Comparison of the last equation with Equation (6.38) above shows that g is independent of
zZn—1. Scaling it does not change zy. Consequently, we can write

20 = g(z1,22,-+,2n—2)

where z;s are invariant with respect to D as shown above. Moreover, the number of
arguments of g is reduced by one.

Repeated Elimination

Repeating the above steps, we can eliminate the remaining dimensions one by one using a
new y; each time, and obtain the final relation

My = F(IIy, I, ... 1y 1)

where

Yi .
11, = ;1=0,1,....n—m—1
ainfagi o, @i2/0Grn 2 g Qim/AGam_1)m
Y; Yi+1 Yj+m—1
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is invariant with respect to all dimensions, or is a dimensionless number.

Simplification of 11;
In terms of

_ _ Qg
9k = Yj+k-1, ap = ——— k= 1,2....m
Q(j+k—1),k

and p; = yi; i =01,...,n—m-—1

we can write

Di
ay a2

= o 1=0,1,....n—m—1
qy 42" * " qm-

where

1. a g is a variable y;, which carries the i dimension D;,
2. no two ¢;s are the same, and

3. the p;s are also the y;s, but are other than the g¢;s.

6.C Newton’s Optimization Method

This method is used to find the root of the derivative of a twice-differentiable function, f(x).
At that root, the function satisfies the necessary condition to be optimum.

The second order Taylor expansion of f(x) at x(*+1) near a reference point x(*) is given
by

FlxHD] = f[x(k)]+f/[x(k)]T[x(k+1) _X(k)]

+ % [x(kﬂ) - x(k)} TH[x(k)] [x(kﬂ) - x(k)] (6.40)
where x = [xl To . xn] T, f/ [x(k)] is the vector of partial derivatives of f (i.e.,

the gradient of f) evaluated at x(*), and is given by

of
3172

of

<(®) Oy,

P = |91
811

x(®) x(®)
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and H[x(¥)] is the matrix of second order partial derivatives of f(x), or Hessian, evaluated at
k) i
x\") je.,

1 *r | %
8x12‘x(k) 81'1 a$2|x(k) 82:1 8In ()
&/ of L P
H[X(k)] 0w 01y «<(®) 85(122 (%) Oro0xy, <0
o*f | *f | Py
axnax1|x(k) Oy, 81‘2‘){(@ 0x,2 )

Differentiating Equation (6.40) on the previous page throughout with respect to x(**1),
and assuming that it is the desired root of the derivative of f(x), we obtain

FlxFHD] = /[x®] + Hx®) {X<k+1> —x(’ﬂ
=0

The above equation upon rearrangement yields the algorithm of Newton’s optimization

method, i.e.,

-1
xFHD = x(®) _ {H[x(k)]} f’[x(k)]; k=0,1,...
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Exercises
6.1 The steady state reactant concentration c in a fluid flowing in a circular pipe is given by

¢ _ DI ( O N 1_<L)2
8z 1 ar\ or T2 R
z=0: ¢c=1¢ VO0O<r<R

0
: 3_c =0

r = " 9 V 0<z2<L

c

R: ke = -D—

¢ or

where v is fluid velocity under laminar flow condition with an average of v, z is axial variable,

r is radial variable, D is reactant diffusivity in liquid, R is inside pipe radius, ¢y is inlet

reactant concentration, k is the rate coefficient of the reaction at pipe wall, and L is pipe
length.

Simplify the above model for (a) kR/D < 1and (b) kR/D > 1.

6.2 Among the T" and P measurements of Example 6.1.2 on p. 200, which one needs to be
taken more accurately. Justify your answer with calculations.

6.3 Heat transfer in a turbulent fluid in a pipe involves its diameter (d) as well as the velocity
(v), density (p), viscosity (1), thermal conductivity (k), heat capacity (C'p), and heat transfer
coefficient (h) of the fluid. Apply Buckingham pi theorem to relate these variables through
dimensionless numbers.

Recombine these numbers as necessary into Nusselt, Prandtl, and Reynold numbers, which
are defined, respectively, as

6.4 For the least-squares fit of a plane
z = ar+by+c
on the data points:
(x1,91,21)  (72,92,22) . (Tn,Yn, 2n)
derive the equations to determine the coefficients a, b and c.

6.5 Derive the divided difference formula for the polynomial interpolation of equispaced
data points.
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6.6 Write a computer program to generate quadratic splines. Enable linear extrapolation
outside the end points of a given data set. Use the program to fit the following data:

x\s 45 7 9 11 13

y |2 30 4 50 6 7

6.7 Solve the last problem using cubic splines. Compare the results with those obtained with
quadratic splines in that problem.
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Process Simulation

Process simulation is the solution of process models. While analytical methods provide
solutions as explicit analytical expressions for the unknowns, the equations involved in most
process models are too difficult to be solved in this manner. Numerical methods circumvent
this problem by approximating model equations with Taylor expansions, and often involve
iterative calculations. They require initial guesses, which improve and converge to solutions.
Their accuracies therefore depend upon the convergence criteria, and the approximations they
utilize.

In this chapter, we focus on simple and effective numerical methods that are widely used
in process simulation to solve algebraic equations, ordinary differential equations, and partial
differential equations.

7.1 Algebraic Equations

In process modeling, algebraic equations typically result from the steady state description
of processes with lumped parameters. These equations also result from the finite difference
approximations of differential equations.

We first describe the numerical solution of linear algebraic equations, which forms the
basis for the solution of non-linear algebraic equations.

7.1.1 Linear Algebraic Equations

In general, a set of linear algebraic equations can be expressed as

apoTo + @01 %1 + -+ + Ao p—1Tn—1 = bo
a10%0 + @111+ F A1 p—1Tn—1 = by
Op—1,000 + Apn_1,1T1 + -+ Gn_1n-1Tn—1 = bp_1

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion website: www.wiley.com/go/upreti/pms_for_chemical_engineers
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where a;;s and b;s are constants, and x;s are variables. In matrix notation,

A x b
—— ——
apo ap1 . ap,n—1 xg bo
aio ao1 .. ap,n—1 z1 by
An—1,0 an—1,1 cee Gn—1,n—1 Tp—1 bn—l

where the function f(x) = Ax — b is linear with respect to x. The vector x for which
f(x) = 0 is the solution of the equations. It is also called the root of f.

To solve linear algebraic equations, we present the method of lower-upper decomposition,
followed by forward and back substitution. This method is illustrated for a set of three
equations as follows.

Lower-Upper Decomposition

This is the first step in which a matrix A is decomposed into lower and upper triangular
matrices, which are, respectively,

1 0 0 U0o Uo1 Uo2
L = |l 1 0 and U= |0 U1l Ui
log o 1 0 0 U22
such that
A = LU (7.1)

Forward Substitution

This is the second step in which an intermediate vector d = [do dq dg] is obtained
by solving the set of equations

Ld = b (7.2)

starting from the first equation. Note that the first equation immediately yields dy, which when
substituted forward into the second equation yields d;. Finally, dy and d; when substituted
forward into the third equation yield ds.

Backward Substitution

This is the last step in which the solution x is obtained by solving the set of equations

Ux =d (7.3)
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starting from the last equation. Note that the last equation straightaway yields x5, which when
substituted backward into the previous (i.e., second) equation yields ;. Finally, x> and 2
when substituted backward into the first equation yield z.

Proof

The solution vector x satisfies Equation (7.3) on the previous page. Multiplying both sides of
the equation by L, we get,

LUx = Ld
— —
A b

In the above equation, the coefficient of x on the left-hand side is A from Equation (7.1) on
the previous page. Also, the right-hand side is b from Equation (7.2) on the previous page. In
other words, x is the solution of

Ax = b

Method for Lower-Upper Decomposition

Based on Gaussian elimination, this method employs elementary row operations
systematically to yield triangular matrices L and U such that their product is A. The
operations are presented in three steps. The goal is to eliminate the elements below the
diagonal in

oo ao1 02
A = a10 a11 a12
a20 a21 a22

Step 1 The first row of A is selected, and called the pivotal row. Its element that is on the
diagonal, agg, is the pivotal element. Its column is the pivotal column. To minimize
round-off errors in operations that will follow, the pivotal row is switched with
another suitable row to obtain a pivotal element with maximum absolute value in
the pivotal column. At the same time, the identical rows of b are switched so that
the equations in the set, Ax = b, do not change. This process is known as partial
pivoting.

a. The first row is multiplied throughout by the factor l1g = a10/ago, and subtracted
from the second row. The result is the modified second row in the matrix shown
below with a1¢ eliminated.

apo ao3 ao2
(1) (1)

0 aj; ajg
a20 a1 a22

The superscript (1)* denotes the modified elements.

b. Similarly, the third row is modified. The 1st row is multiplied by the factor
lag = a20/aoo, and subtracted from the third row to obtain the modified third
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row as shown below with as eliminated.

apo ap3 ao2
1 1

0 a(11) ‘152)
1 1

0 aél) aéz)

At this point, all elements below the pivotal element in the same column are
eliminated.

Step 2 The second row is selected as the pivotal row with the diagonal element, aﬁ), as the

pivotal element. If partial pivoting is done, the /;;s corresponding to the two switched
rows are also interchanged.

a. The second row is multiplied by the factor l; = aéll) / aﬁ), and subtracted from
the third row to obtain the modified third row with agll) eliminated.

At this point, all elements below the diagonal are eliminated, and the resulting
matrix is the upper triangular matrix,

aoo ao3 @02

_ 1 1
U=10 agl) a§2)
0 0 a)

The superscript ‘(*)* denotes the modified element.

Step 3 The factors /;;s used in the previous steps are collected according to their subscripts
to form the lower triangular matrix,

1 0 0

log o 1

Remarks

Using matrix multiplication, and expanding /;;s, readers can verify that the multiplication of
L and U yields a matrix, say, A’, which is A, but after the rows switches that happen due
to any partial pivoting. Note that the above steps apply the same row switches in b during
partial pivoting, and modify b to, say, b’. Thus, eventually when any i" row of A becomes
the k™ row in A’, b; becomes bj,- As a result, the solution of Ax = b is equivalent to that
of A’x = b’. It is this last set of equations that is solved using the decomposed L and U in
forward and backward substitution. In the absence of partial pivoting, A’ = A and b’ = b.
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Example 7.1.1

Solve the following equation using the method of lower-upper decomposition, and forward
and backward substitution:

107° 3 2| |0 1

3 —20 4 To 3
~—— ~~

A X b

Solution

We begin with lower-upper decomposition of A.

Lower-Upper Decomposition
The steps of the method, which was described earlier in Section 7.1.1 on p.229, are as
follows.

Step 1
The first row is the pivotal row, and the pivotal element is agg = 1079, which is not the
absolute maximum in its column. Therefore, we need to do partial pivoting, i.e., switch
appropriate rows of A in order to have the maximum absolute value for agg in the first
column. Note that the same rows of b need to be switched simultaneously.

The following operations are carried out in this step:

1079 3 -2 -5 4 8
ivot: switch top two rows
5 4 pre o 1079 3 -2
(and corresponding by and b1)
3 —20 4 3 —20 4
—5 4 8

replace second row with: replace third row with:

-9
second row—( — ) X first row 3 —920

3
third row — (—5> X first row

——
l20
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Step 2
Here, the second row is the pivotal row, and a;; is the pivotal element. The operations for this
step are as follows:

-5 4 8
pivot: switch bottom two rows
: 0 -176 88| —
(and corresponding b; and bz, and li19 and l2g)
0 3 -2
-5 4 8
replace third row with: 0 176 8.8 - U
) 3
third row — (ﬂ) X second row 0 0.5
R o
l21
Step 3
In the final step, we gather the /;;s to form
1 0 0 1 0 0
L = |l 1 0] = —0.6 1 0
l2g lo1 0 —2x 10710 _0.1705 1

Effect of Partial Pivoting

Note that during partial pivoting in Step 2 above, l1¢ and Iy were swapped. Now the product
of L and U gives

-5 4 8
3 =20 4| = A/
1079 3 -2

which is A after applying the row switches of Steps 1 and 2. This A’ corresponds to b’,
which is b with its elements swapped in Steps 1 and 2. Thus, the equation to be solved is

-5 4 8 To 2
3 =20 4 |z1| = |3
107° 3 =2 |x2 1

A’ X b’

Note that the above equation is equivalent to Equation (7.4) on the previous page.
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Forward Substitution
We find d in this step as follows:

1 0
Ld = b = —0.6 1
—2x 10710  —0.1705
dg = 2
= di = 3—lydy = 4.2

do = 1—lydy —lo1d; = 1.7159

Backward Substitution
Finally, we find x as follows:

-5 4 8
Ux =d = 0 —17.6 8.8
0 0 —0.5
b L7159 B
27 05 -
Lo, _ 42-88m
LT T 7e -

274.%1781’2
rg = ——— 0 =

2

Inverse of Square Matrix

0| |do 2
0f|di| = |3
1] |ds 1
2
= d = |42
1.7159
To 2
1| = 4.2
T 1.7159
—3.4318
—7.4546
—1.9546 = x = |-1.9546
—3.4318
— 7.4546

The above method to solve linear algebraic equations also enables the determination of the
inverse of a square matrix. Given a square matrix A, its inverse A~! is the solution of the

following equation:

aoo ao1 ao,n—1 Qoo ao1 ao,n—1 10 -0
a1o aii ap,n—1 aio ao1 ag,n—1 01 --0
An-1,0 Gn-11 *** An-1n-1| [Gn-1,0 AGn-1,1 *** Gp—1,n—1 00 --- 1

A

A-1 I
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where the ™ column of A~! satisfies

ao; bo
ay; by ,
A ] = ) ; 1=0,1,...,n—1 (7.5)
Gn—1,i bn—1
——— T
X; i

with all elements of b; zero except the i one, which is unity. Observe that the i column
of A~! is the solution of the above equation. Hence, the inverse of a square matrix is
determinable as follows:

1. A is decomposed into L and U.

2. To obtain the i™ column of A~!, the vector b; is obtained by setting all its elements to
zero except b;, which is set to unity.

3. Using forward substitution, d is obtained from Ld = b;.

4. Using backward substitution, x; is obtained from Ux; = d. This x; is the i column of
AL

5. Steps 2—4 are repeated to obtain the rest of the columns of A~ !,

If during the decomposition of A, its i row eventually became the k™ row of A’ (due to
one or more instances of partial pivoting) then 7 is set to k in Step 2 above. See Appendix 7.A
on p. 281 for the explanation.

Example 7.1.2
Find the inverse of A in Example 7.1.1 on p. 231.

Solution

We will make use of L and U that were determined in that example. Due to partial pivoting,
LU = A’, which is different from the original A. Similarly, b’ is different from the original
b. Compared to the originals, the rows in A’ and b’ are switched. Specifically,

/2 = bo, b6 = b1 and b/l = bg (76)

First column of A~

To find this column, we set the first element of b to unity, and rest of the elements to zero,
ie.,
b=1_[ o0 o0

The above b from Equation (7.6) above corresponds to
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We use this b’, and solve equation A’x; = b’ using the lower-upper decomposition, and
forward and backward substitution:

Ld=b = d=1[ o 1’

Ux; =d = x = [4 —1 -2

The solution x is the first column of AL,

Second column of A~"

To find the second column of A~1, we set the second element of b to unity, and the rest of
the elements to zero. This b from Equation (7.6) on the previous page corresponds to

B =[1 0 0
With this b’, we solve equation A’x5 = b’ as before to obtain
x; = [-0.6364 —0.1364  —0.2045]

which is the second column of A1,

Third column of A~!

Finally, to find the third column of A !, we set the third element of b to unity, and the rest
of the elements to zero. This b from Equation (7.6) on the previous page corresponds to

b =100 1 0
With this b’, we solve equation A’x3 = b’ as before to obtain
xs = [-0.7273  —0.2273  —0.3409] '

which is the third column of AL,
Putting the three columns together, we obtain,

—4  —0.6364  —0.7273
A™' = |1 01364 —0.2273
—2  —0.2045  —0.3409
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7.1.2 Non-Linear Algebraic Equations

A set of non-linear algebraic equations can be written in general as

fO(‘rOaxl?"'axn—l) =0

f1($07$1,~-,$n—1) - 0

fnfl(xoﬁrl,“'axnfl) - 0

or, in vector notation, f(x) =0

where f is a non-linear function of x. These equations are solvable using the Newton—
Raphson method.

Newton—-Raphson Method

This method involves a computational algorithm to solve non-linear algebraic equations using
derivative information.

For a single equation, f(x) = 0, Figure 7.1 below illustrates the steps of the algorithm. The
tangent f'[z(9)] to the function at the initial guess z(°) provides an improved estimate () for
the root, i.e., the solution of f(x) = 0. Another tangent at (M) does the same by providing a
further improved estimate 2(2). This procedure is repeated until the function value at the final
estimate is sufficiently close to zero at the root ;.

]

fla®)

fla®?)

- e) 2 20

Figure 7.1 Steps of the Newton—Raphson method for a single equation, f(z) = 0
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Thus, the Newton—Raphson method has the following algorithm:

7]

For a set of simultaneous algebraic equations, f(x) = 0, the algorithm becomes

*)
R | sl W W

xFHD = x®) _ 31 x®)] f[x#)); k=0,1,2,...

(7.7)

(7.8)

where J [x(k)] is the matrix of partial derivatives of f, or Jacobian, evaluated at x®) ie.,

on| onl . o
Oz «(F) 0z (%) O0xpn_1 «(F)
ol on| . oh
J[X(k)] _ Oz «(F) 0y (k) O0xp_1 «(F)
8fn—1| 8fn—1| . 6f’n—l
Iz ‘xm Iy |x<k> 1| i

Appendix 7.B on p. 281 provides the derivation of the Newton—Raphson method. Essentially,
the method uses x() to calculate the left-hand side of Equation (7.8) above, which is x(1) -

an improvement of x(?).

In the next iteration, the method improves x(1) to x(@, As the iterations continue, the left-
hand side of the equation improves progressively, and converges to the root. The iterations

are stopped when any of the following happens:

1. The improvement in x(*) becomes negligible.

For example, given the vector of absolute relative errors,

k k (k)
e = 1— i 1— i 1— Ano1
k+1 k+1 k+1
]| (o

either the magnitude, or the largest element of e becomes less than a specified, small

positive number (i.e., accuracy).

2. The function vector at x(*) gets sufficiently close to 0.

For example, either the magnitude of f[x(*)], or the largest absolute value among the
elements of £[x(¥)] becomes less than a specified, small positive number (or accuracy).

3. The Jacobian becomes singular.

4. The number of iterations exceeds a specified maximum number.
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Example 7.1.3

Obtain the molar volume V' of n-butane at temperature 7' = 510.24 K, and different values of
pressure (P) from 1 atm to the critical pressure P, using Redlich-Kwong equation of state,
ie.,

B~ 224+ (A-B-B%2—-AB = 0

where
PV P, P
= — A = 042748—F P = —,
z T 0.427 8Tr ) 2
T 1 P,
T = i, F = ?, and B = 0.08664i.

The parameters in the above equations are R = 82.06 x 1072 atm m3 kmol ! K=}, P, =
37.45 atm, T, = 425.15 K, and w = 0.193.
Solution
For a given P in the specified range, we need to find the root z; of the equation of state, and
use the root to determine V from
zRT

V = —

- P
For f(z) = 2% — 22 + (A — B — B%)z — AB = 0, the Newton-Raphson algorithm to find
the root is [see Equation (7.7), previous page]

k
RS B | ol I

where f’'[2(®)] is the derivative of f with respect to z, and evaluated at z = z(¥). For
P =1 atm, Table 7.1 below shows the results of the Newton—Raphson iterations starting
with an initial guess of 2o = 1.2, and the accuracy of 10~% in the absolute relative change in
zi, or f(z;). At convergence, z = 0.9947, which corresponds to V' = 41.6477 m? kmol 1.

Table 7.1 Iterations of the Newton—Raphson method for P = 1 atm
[ zi Zit1 |1 — zi/zi1] f(z) f'(zi)

1.2000 1.0471 1.5288 x 10! 2.9435 x 10~! 1.9253
1.0471 0.9995 4.7648 x 1072 5.7198 x 1072  1.2004
0.9995 0.9947 4.7384 x 1073  4.7535 x 1073  1.0032
0.9947 0.9947 4.5477 x 10™°  4.4763 x 10~°>  0.9843
0.9947 0.9947 4.1698 x 1072 4.1035 x 1072  0.9841

B W N~ O

To obtain V for the next P, say, 1.1 atm we use the converged z = 0.9947 at 1 atm as the
guess for the next round of the Newton—Raphson iterations. They converge to the new root
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of z, which yields the corresponding V. These steps are thus repeated for increasing P. The
results are plotted in Figure 7.2 below.

X
4_
X
X
- X
'?) 33X
g | %
4
g
o
[ew]
=
>
1_
0 1 I 1
0 10 20 30 40

P, atm

Figure 7.2 Molar volume of n-butane versus pressure at 510.24 K

a

Example 7.1.4

Find the steady state concentrations of species in the CSTR described by Equations (4.1)—

(4.4) on p. 82. Use the parameters given in Table 7.2 below. The volume of reactants in the
reactor is 9.5 m3.

Table 7.2 Values of parameters for the CSTR in Example 7.1.4 above

parameter  value parameter  value
CAf 2 kmolm—3 CBf 3 kmolm—3
k1 3 m?3kmol!s~! ko 6 m3 kmol!s~!
Fa¢ 2x 103 m3s™! Fge 2x 103 m3s™!
Solution

Setting the time derivatives to zero in Equations (4.1)—(4.4), we obtain

F - F
fo = 7“60} €0 —kicocg = 0

Figeir — Fey

f1 = — v kicocy — kocico = 0
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FCQ

fg = —7 + kicger — kocieg = 0
F
fz3 = —% + kicico = 0

or f(c) =0 where f = [fo f1 fa f3]T
upon ¢ = [co c1 Co 03] T. The latter is the variable vector of the concentration of
species A, B, C and D denoted by subscripts ‘0°, ‘1°, ‘2" and ‘3’, respectively. The Newton—
Raphson algorithm for the above set of equations is

k) = ) _ 3 W fc®] k=0,1,2,...

is the function vector, which depends

where J is the Jacobian given by

F
v kic — kico 0 0
N—— ~ ~
0.fo/0co 0fo/0c1 3 fo/0co 3 fo/dcs
— k101 7? - k100 - k262 - kgCl 0
N—— —— ~—
J — 8f1/860 8f1/861 8f1/802 8f1/803
F
k101 ]{?10() — kQCQ _V — ]{3201 0
~—~ —_—
¢ c \q,_/ N
82/8e0 82/8ex 0 f2/0ca 0 f2/0cs
F
O klcg k101 — =
~ ~—~ ~—~ s
L 8f3/860 8f3/861 8f3/802 8f3/803 |
Given an initial guess c(?) = [0.1 0.1 0.1 0.1] T, the algorithm yields
-1
0.1 —0.3004 —0.3000 0.0000 0.0000 —0.0296
JEY 0.1} |—0.3000 —0.9004 —0.6000 0.0000 —0.0894
0.1 0.3000 —0.3000 —0.6004 0.0000 —0.0300
0.1 0.0000 0.3000 0.3000 —0.0004 0.0300
J[c(o)] f[c(m}
T

0.1505 —0.0493 0.1498 0.3499

Applying the algorithm repeatedly we get c(?), ¢(3), etc. until convergence. It is attained in six
iterations with the specified accuracy of (i) machine epsilon, of 0(10_16), for the maximum,
absolute relative change in an element of ¢ and (ii) 10~8 for the maximum absolute value
among the elements of f[c(*)]. At convergence

c [0.2049 0.0006 0.0908 0.3522

] T
which is the vector of species concentrations in the CSTR at steady state.
a
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Secant Method
This method implements the Newton—Raphson method with finite difference approximation
of the involved derivatives. The derivatives required for the solution of f(x) = 0 are given by

of f(x, z; + Ax;) — f(x)

where X is x excluding z;, and Ax; = ex; with € as a small, positive fraction such as 1074,

The secant method is helpful when dealing with complicated functions whose derivatives
are difficult to obtain analytically. For a single equation, f(x) =0, Figure 7.3 below
illustrates the secant method. It provides improved estimates of the root using a chord
connecting two points on the function curve at a given x, and its neighborhood.

3)

Ty 2

Figure 7.3  Steps of the secant method for a single equation, f(z) =0

7.2 Differential Equations

Frequently encountered in process models, differential equations describe the change in
system properties with space and time. A differential equation that involves one independent
variable is called an ordinary differential equation. A differential equation with two or
more independent variables is called a partial differential equation.

The analytical solution of a differential equation is the explicit, analytical expression for the
dependent variable in terms of the involved independent variables. In numerical methods we
obtain the set of values of the dependent variable for specific discrete values of the involved
independent variables.
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7.2.1 Ordinary Differential Equations

Ordinary differential equations typically describe temporal property changes in uniform, or
lumped-parameter parameters. Under steady state conditions, these equations describe spatial
property changes in distributed-parameter systems. These equations also result from finite
difference approximation of partial differential equations.

Recall that the derivatives of order higher than one in differential equations can be
expressed as additional dependent variables [see Section 5.4.1, p. 178]. Thus, a general form
for ordinary differential equations is dy/dt = f(¢,y), where y is the vector of dependent
variables, and ¢ is the independent variable. We focus on the numerical solution of this form
of equation with y specified at the initial ¢. Ordinary differential equations that are linear
can be solved analytically using the well-developed theory [Section 8.13, p. 327], or Laplace
transformation [Section 5.3, p. 161].

7.2.2 Explicit Runge—Kutta Methods

These methods have been used widely to solve ordinary differential equations. Utilizing a
slope estimate at a given ¢ where y is known, these methods find y at the next value of t.

Figure 7.4 below illustrates the application of the simplest of these methods, the explicit
Euler’s method, to solve dy/dt = f(t,y). Given the initial condition, (0) = yo, this method
estimates the slope of y(t) at tg as f(to, yo). Using the slope, y1 = y(t1) is then calculated
from yo + f(to0,yo)(t1 — to) where (t; — to) is the first time step. These calculations are
repeated at ¢ to calculate yo = y(t2), then at to to calculate y3 = y(¢3), and so on. The set
of y values thus obtained is the numerical solution of the differential equation. The solution
is more accurate if smaller time steps are used.

slope f(t2,y2)
Y freereere e N : slope f(t3,ys)
Yo [rreeeemeeees s : :
Y [rreeeee e s o -
slope f(t1,y1) : : :
T R :
slope f(to, yo) :
unknown function y(t)
Yo [ -
to ty to t3 tq

Figure 7.4  Application of the explicit Euler’s method to solve dy/dt = f(t,y) with y(0) = yo
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General Formulation
For the ordinary differential equation

dy
" t.y), y=yo a 0
The n'™ stage explicit Runge—Kutta method is given by

n

Yis1 = yi+hY bk
i=1
—_———

slope estimate

where y; = y(t;), h is a constant interval between any ¢; and ¢;11, and k;s are the different
slopes, which are given by

ki = f(t;, yi)
ko = f(t; + c2h, yi + aaikih)
ks = f[t; + csh, (yi + asiki + asoko)h]

kn = f[tz + Cnha (yz + anlkl + an2k2 + -+ annkn)h]

The coefficients ¢;s, b;s and a;;s in the above equations are conveniently tabulated in a form
called a Butcher tableau, which is shown in Table 7.3 below. Depending on the formulation,
some of the coefficients may need to be specified.

Table 7.3 Butcher tableau for the n'™ order explicit
Runge—Kutta method

0
C2 @21
C3 aszy @32

Cy 41 Q42 Q43

Cn Gn1 Gn2 an3 .. Gn,n—1

| b by by ba1 by

For example, the formulation for the second stage explicit Runge—Kutta methods is
Yi+1 = ¥i+ (biki 4+ boko)h
ki = f(ti,y:)
ko = f(t; + coh,y; + aa1kih)
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Using the first order Taylor expansion [Equation (8.12) on p. 322 for n = 1] for the right-hand
side of the last equation, we get

of of
k2 = f(tz,yl) +CQh— +(121k1h— +O(h2)
ot ti,yi 9 ti,yi
Combining the above equation with the previous ones for k; and y; 1, we obtain
f of 9
Yit1 = Yi+ (b1 +b2)f(ti, yi)h + 5202& + b2a21f(tzayz)a h
ti,yi Y lts v
+ O(h?) (7.9)
But, from the second order Taylor expansion [Equation (8.12) for n = 2]
dy d%y h?
1 = Vit — — +O(h?
Yitl = ¥it g g Az, 2 +O(h)
df h2
= vyi+tft,yi)h+ or T O(h?)
dt ti, YZ
of  of dy h2
= yi+f(ti,yi)h + O(n? 7.10

f
Comparison of Equations (7.9) and (7.10) above results in three equations

by +by =1 bocy = 0.5 boas; = 0.5

whereas there are four unknowns, namely, ¢, a1, by and b. Thus, one unknown needs to
be specified. Specification of b, = 1 results in the midpoint method with co = 0.5, ae; = 0.5
and b; = 0. For Heun’s and Ralston’s methods, bo = 0.5 and b, = 2/3, respectively.

Note that the order of a Runge-Kutta method is the order of the derivative of f (not y) that
would appear in the first term of the truncation error. For the midpoint, Heun’s and Ralston’s
methods, the truncation error is of O(h3), which means that these are second order methods.

Fourth Order Runge-Kutta Method

Higher order methods are derived in a similar manner as above. They have better accuracy
but at the cost of increased function evaluations. A balanced choice for simple ordinary
differential equations is the classical, fourth-order Runge—Kutta method, which is given by

Vis1 = yi+ Z(k1+2k2+2k3+k4) (7.11)
Kk, = f(ti, yi) (7.12)
ky = f(t;+ 0.5k, y; + 0.5kih) (7.13)
ks = f(t; + 0.5k, yi + 0.5kzh) (7.14)
ki = f(t;i+h, yi +Kksh) (7.15)
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Example 7.2.1

Using the fourth order Runge—Kutta method with a step size of 0.1, integrate the following
equations:

dyo Cat YR

o —at Yo _ 71
” e "+ ” Yo, Yo(0) (7.16)
d
—il = 2 — by, i (0) =1 (7.17)

uptot =1fora=0.1andb=1.

Solution

Given a time instant, and the known values of y at that instant, we apply Equations (7.12)—
(7.15) on the previous page to obtain the values of y from Equation (7.11) at the next time
instant. At the 7 time instant, the right-hand side of the differential equations is given by

2
e+ % ~ Yoi

Ny

f(ti,yi) = £(ti,yoi,yu) = '

ygi = by1s

We begin with the subscript counter ¢ = 0 when the time is £y = 0. From the initial condition,

1
1

Yo

kl = f(to,yo) = f(0,1,1) =

0
1.0475
ky = f(to+ 0.5h,yo + 0.5k;h) = £(0.05, 1.05, 1) =
0.1025
1.0445
ks = f(to + 0.5h,yo + 0.5ksh) = £(0.05, 1.0524, 1.0051) =
0.1024
1.0930
k, = f(to+ h,yo+ksh) = £(0.1, 1.1044, 1.0102) =
0.2096

2.0462

h
Y1 = YO+*(k1+2k2+2k3+k4) =
6 1.1032
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For the next step, we increment the counter ¢ by one. Then the time is t; = to + h = 0.1.
We recalculate ki, ko, k3 and k4 to obtain yo. This procedure is repeated until y is obtained
att = 1. Figure 7.5 below plots the solution, i.e., values of y at the discrete time instants.

25
i ©)
20 [~ O

Yo

o »
=

15

Yo, Y1

10— : O

Figure 7.5 Solution of Equations (7.16) and (7.17) on the previous page using the fourth order Runge—
Kutta method with a step size of 0.1

a

7.2.3 Step-Size Control

When dependent variables change rapidly, the magnitudes of their derivatives are large, and
lead to large truncation errors. To reduce them to maintain a desired accuracy, we must reduce
the size of integration steps. This increases computations, which is necessary though. On the
other hand, when the dependent variables change slowly, the derivatives are small. Then we
can afford to use large step sizes, yet maintaining the accuracy with reduced computations.
This is the concept of step-size control in numerical integration.

Since the analytical solution of a differential equation would not necessarily exist, we have
to rely on an approximate but more accurate solution to determine the errors. This additional
solution can be obtained by using multiple, smaller integration steps, or a higher order method
in parallel. The last approach is efficiently implemented by embedded Runge—Kutta methods,
which provide a nominal and a higher order (more accurate) solution simultaneously with
common function evaluations.

Implementation

The step size of numerical integration is controlled using the procedure that is explained next.
The error in an integration step is calculated from
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e = [y—y]

where y and y are, respectively, the more and less accurate solutions of the differential
equation dy/dt = f(y) at the next step. Each element of e, i.e., e; is normalized by a scaled
absolute value ¢j; for the corresponding dependent variable, y;. Then for a given accuracy e,
one requirement is*

€i €
— < € or

Ui €ls

<1 i=01,...,n—1

Let E be the maximum among all values of e;/(€f;). Then for the m™ order method,
E oc kMt

If integration carried out with the step size hpey results in Ej, then

1

m—+1 T
Enew o hm—H = Enew _ (hnew> = hnew _ h(Enew>m+

new E h E

Note that if h,e, enables integration in the limit of the given accuracy then FEy, = 1.
Substitution of this result in the last equation yields

L\
I h<E> (7.18)

which is the step size at the limit of the given accuracy.
Thus, the step-size control procedure at each integration step is as follows:

1. Obtain E based on a standard and more accurate solution.
2. If E > 1 then calculate Ay, from Equation (7.18).

3. Repeat calculations until £ < 1.

When the procedure is successful, the more accurate solution is used to advance the solution.
This approach is known as local extrapolation.

The aforementioned procedure requires the specification for € as well as ¢;s. A general
specification for the latter is

dy;
dt

Ui = |yl + |h

7.2.4 Stiff Equations

Accurate solutions of certain differential equations require very small step sizes with explicit
methods in general. Such equations are called stiff equations. The reason for stiffness is the
presence of terms that cause rapid accumulation of truncation errors as numerical integration
progresses.

*Using the norm of the normalized error is another choice, which is less stringent.
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Consider, for example, the ordinary differential equation,

dy

@ = Cw. w0)=1 (7.19)
—~—

f
where « is a positive constant. The above equation has the analytical solution, iy = ™%,

We examine the numerical solutions obtained from the explicit and implicit Euler’s methods
given, respectively, by

Yiv1 = i+ f(ti,yi)h and Yirr = Yi + (i1, vir1) s 1=0,1,...

The last method is implicit with respect to y;,1 because it uses f at the next time instant.
From the explicit Euler’s method,

yi = (1—ah)’s  i=0,1,...
where h is a fixed time step. In order for the numerical solution to attain a stable value of y
at infinite ¢,
limy; = lim(1—ah) = limy(t) = lime ® = 0
i—>00 1—00 t—o0 t—00

This result in conjunction with Equation (7.19) above implies that

2
[(1—ah)|<1 or h < o

for a stable numerical solution.
The explicit Euler’s method, on the other hand, yields the solution

1
= — i =0,1,...
YT Atani !
which is stable regardless of the step size h because
lim y; = lim SR 0
v T A% (1+ah)t

Thus, for a stable solution when o = 2 x 10°, the explicit method requires a step size less
than 107°. It comes down to excessive computational overhead of more than 105 function
evaluations over the [0, 1] ¢-interval. In contrast, the implicit Euler’s method does not have
such restriction. It generates good quality solutions with significantly larger step sizes, and
less computations than those with the explicit method.

Truncation Errors

Using Taylor series, the accumulated truncation errors in ¥, calculated from the explicit and
implicit Euler’s methods are, respectively,

€n = [(1 —ah)"lem 0 4 (1 —ah)" e 4. 4 e_o‘t"‘l}C

B (ah)?  (ah)?®  (ah)?
where €= -t




7. Process Simulation 249

and

'é—Ottl ’é—()étz

~—at ~
- e
¢ TR

5 _ _(ah)® (ah)®  (ah)!
where C = — o a

Comparing term-wise with ¢,,, the i exponential term of €, has a more negative index, and
(1 + ah) > 1 in the denominator. Moreover, C' < 0. The implication is that for the same 5,
the truncation errors with the implicit method

1. are smaller than those with the explicit method, and

2. being always negative, cannot cause oscillations in the solution that may happen with
the explicit method due to alternating signs of the terms in C'.

Figure 7.6 below compares the numerical solutions for o = 17 and h = 0.125. It is
observed that the solution from the implicit method follows the true solution closely. On
the other hand, the solution from the explicit method oscillates and diverges. A good quality
solution from this method would require h considerably smaller than 2/c.

NS

OI =
{
[

0

[

0

0

—1F A
A
true VAN

_o b A

O implicit
=3 YA explicit

1 I 1 I 1 I 1 I 1
0 0.2 0.4 0.6 0.8 1

Figure 7.6 Comparison of the true solution of Equation (7.19) on the previous page with those
obtained from implicit and explicit Euler’s methods for o = 17 and h = 0.125

In general, implicit integration methods are effective in solving stiff differential equations.
The differential equations, if non-linear, must be linearized at each integration step when
using these methods. This is explained next.
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Linearization
Consider an implicit integration method of the form

y¢+1 = yz+hf(yz+1), i:O,l,Q,...

If f(y) is non-linear then it needs to be linearized before an explicit expression for y; 1 could
be obtained.
Using the first order Taylor expansion for f at y; [see Section 8.8.2, p. 323], we get

Yit1 = yi+h[f(Yi)+Ji(yi+1_yi) ; 1=0,1,2,...

where J; is the Jacobian of f with respect to y, and is evaluated at y;. The above equation,
upon rearrangement, yields

I

—1
Yit1r = Yi+ [ﬁ _Ji:| f(yi); 1=0,1,2,...

where I is the identity matrix.
Thus, to solve a stiff set of ordinary differential equations

dy
= = f(t

we need to provide the Jacobian of f. The calculation of the new y at each step requires the
inversion of the matrix (I/h — J). This extra computation is more than compensated for by
the ability to take significantly larger steps relative to an explicit integration method.

Example 7.2.2

Polymerization of methyl methacrylate (MMA) in a batch reactor is described by the
following differential equations:!

% = —K,mA\V M, [pip - pim} V(0) =V
LI s m(0) = mq
% _ KA %‘% 5(0) = 5o
fj_j = K2\ %%, 2(0) = 2o
dT _ —AHKm\ _ UA(T —T) IO =T
dt PmCp V pmCp

% = 2fKgi — KN — K2\ — %%, A0) = Ao
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where (i) V' is the volume of reactants, (ii) m, ¢, s and z, are, respectively, the concentrations
of monomer (MMA), initiator, solvent and inhibitor, (iii) 7" is the temperature of reactants,
(iv) A is the zeroth moment of the polymer radical, (v) K,, Ky, K;, K, and K; are,
respectively, the rate coefficients for propagation, initiation, solvent chain transfer, inhibitor
chain transfer, and termination, (vi) My, is the monomer molecular weight, (vii) p, and pp
are, respectively, the densities of monomer and polymer, (viii) —AH is the heat of reaction,
(ix) U and A are, respectively, the heat transfer coefficient, and area, (x) 7} is the coolant
temperature in the reactor jacket, (xi) Cp is the specific heat capacity of the reaction mixture,

and (xii) f is initiator efficiency. Expressions for the relevant variables are as follows.

K, = KKy
where K
Ky

Vi

Kt = KnKtz
where K
Ky

Vi

Ky = 1.014 x 10'6 exp{

[L mol™ I min~ 1]

—4350

= 2.95x 107 -
8 eXp[R(T+273.15)

} [L mol ™! min_l]

7.1 x 107% exp(171.53V}), if V; < 0.05
L, if V> 005

OAM(T — TgM)meM + OZP(T — Tgp)(mo — m)MwM

= 0.025 +
PM Pp
T — Tes)sM,
i as( gs)S wS L]
ps
[L mol™! min~!]
—1394

= 3.12 x 10'° exp{ } [Lmol ™! min™"]

R(T + 273.15)

2.3 x 10~ S exp(75V%), if Vi < Vi
0.10575 exp(17.15V; — 0.01715T), if V; > Vj

0.1856 — 2.965 x 1077 [L]

-3 X 104 [ . _1]
R(T + 273.15) mm

Ky = 1.58x 107°K, Lmol 'min~!

K, = 10°K,

Lmol ! min—!

pm = 309.85 x 0.25357 11~ (T+278.15)/564] 5570 107 1]

pp = 118 x 10° — (T +273.15) [gL™']

ps = 300.9 x 0.2677 1~ (T+278.15)/562.16]" %1% 1o 7 —1)

Cp = 0.10113342 + 2.575065 x 1073(T + 273.15) — 7.53159 x 10~ (T + 273.15)2

+9.0138 x 107(T 4 273.15)>  [calg MMA ! °C™!]
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For the parameters given in Table 7.4 below, solve the above differential equations to obtain
the dependent variables versus time for one hour of reactor operation. Analyze the effect of
increase in the initial temperature of reactants.

Table 7.4 Parameters for the polymerization of MMA in a batch reactor

parameter value parameter  value

Vo 1L Ao 0

mg 1.7648 mol L1 f 0.6

i0 4.13 x 1072 molL~! M 100.12 gmol !

S0 8.4692 mol L1 Mg 78.11 gmol~*

20 107® mol L1 UA 156.49 cal min—' °C~!
To,T; 90 °C —AH 13.2553 x 103 calmol !
Tom —106 °C as, oM 10-3

Top 114 °C ap 4.8 x 1074

Tes —102 °C R 1.987 calmol "' K1

Solution

The above differential equations are very stiff. We present the results obtained using (i) the
explicit, fifth order Runge—Kutta-Fehlberg (RKF) method with adaptive step-size control, and
(ii) a stiff solver? with analytical expressions for the Jacobian elements. Figure 7.7 on the next
page shows the dependent variables thus obtained with the integration accuracy, ¢ = 10719
[see Section 7.2.3, p.246]. The stiffness of the differential equations can be ascertained
from the small steps [of O(10~*) min] taken by the explicit method to meet the accuracy
requirement [see Figure 7.8, next page]. In contrast, the stiff solver took considerably larger
steps — as large as 27 min — to integrate the differential equations.

Computational Overhead
Figures 7.9 and 7.10 on p. 254 show computational overheads of the two integration methods
for different initial temperatures, 7ps. Compared to the explicit method, the stiff solver

1. needed considerably less number of steps and derivative evaluations — at least by three
orders of magnitude, and

2. notwithstanding the Jacobian evaluation at each step, used computation time, which
was 102 to 10* times less, and mostly decreased with the rise in stiffness with 7.

Effect of Temperature
The high initial temperature of reactants (7p) contributes to the stiffness of the above
differential equations. The reason is that temperature appears as e~ /7 in the kinetic rate
expressions used in the differential equations. The terms of the form e~/ persist in the
derivatives that make up the truncation errors of the numerical method. As a result, an increase
in T, which means an increase in e~/T, raises the truncation errors. To curb them, the
method has to use smaller steps, and consequently do more computations. This is evident
for the explicit method, especially when Ty, is increased from 120°C to 130°C. The effect of
increase in T{ on the stiff solver is relatively very mild.

Q
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Figure 7.7 Dependent variables versus time in Example 7.2.2 on p. 250
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Figure 7.8 Sizes of steps taken by the stiff solver, and the explicit, fifth order RKF method in

Example 7.2.2

7.3 Partial Differential Equations

A partial differential equation is a differential equation with more than one independent
variable. These equations are frequently encountered in engineering practice. Those with
time as independent variable describe unsteady state phenomena, which under steady state

are described by ordinary differential equations.
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Figure 7.9 Computational overhead versus 7y with the explicit, fifth order RKF method in
Example 7.2.2 on p. 250
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Figure 7.10 Computational overhead versus Ty with the stiff solver in Example 7.2.2. Fractional
computation time is the ratio of time taken by this solver to that by the explicit, fifth order RKF method

The majority of process models involving partial differential equations are expressed in
Cartesian, cylindrical, or spherical coordinate system. In the simple geometries of these
coordinates systems, the method of finite differences is an effective means for the numerical
solution of partial differential equations. This method is illustrated next.
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7.3.1 Finite Difference Method

Basically, this method replaces the derivatives in a partial differential equation with their
finite difference approximations, or formulas. With systematic replacement of derivatives,
this method converts

1. apartial differential equation into a set of simultaneous, ordinary differential equations,
and

2. an ordinary differential equation into a set of simultaneous algebraic equations.

Either the intermediate ordinary differential equations or the final algebraic equations
can be solved to obtain the solution of the original PDEs. The former approach is called
the method of lines. It is often preferable because ordinary differential equations can
be efficiently solved with adaptive step-size control, thereby reducing the amount of
computation.

Finite Difference Formulas

These formulas are approximations of derivatives using discrete data points. Consider for
example, the first order Taylor expansion [Equation (8.12) on p. 322 for n = 1] of a function
f(z) at a reference point = z; for n = 1. With slight rearrangement, the series yields the
finite difference formula for the first derivative of the function, i.e.,

df S E:;l flai) h[df
gl

T = — 5|z > T < Q< Tig

[dx]m h 2 [dz? ],

——

O (@4) O(h)

where h = (x;41 — ;) is the step size. In the limit of h — 0,

f(l)(xi) _ f(@ig1) — flzi)
h
The above equation is the forward, first order finite difference formula for the first derivative
of f(z). For a finite step size, the formula has the truncation error of O(h).
In the same manner as above for a step size —h, we obtain the O(h)-accurate backward,
first order finite difference formula

f(l)(xi) _ f(@i) = f(@iz1)
h
where Ti—1 =T; — h.
To obtain the centered, first order finite difference formula, we subtract Equation (8.12)
for n = 2 and step size —h from the same equation, but for step size h. This results in the
O(h?)-accurate formula,

FO@) = f($i+h)2—hf(33i—h)

A general derivation of finite difference formulas is provided in Appendix 7.C on p. 284.
Higher order formulas have higher accuracy but require more function values, and arithmetic

+ O(h?)
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operations. In most problems, the second order formulas provide a good balance between
accuracy, and computational overhead. Appendix 7.C.4 on p.289 provides the first and
second order-accurate finite difference formulas for the derivatives of a function up to the
fourth order.

In a given application of the finite difference method, the finite difference formulas of the
same order of accuracy are used consistently. When a finite difference formula is needed at
the ‘left’ boundary of the interval of an independent variable, a forward formula is used since
it does not depend on function values at the backward points in the interval. Similarly, at the
‘right’ boundary of the interval, a backward finite difference formula is applicable.

Solution Procedure

The procedure to solve partial differential equations using the finite difference method is as
follows:

1. An independent variable is selected, and its interval is discretized using grid points.

2. The differential equations are expressed at the internal grid points using finite
difference formulas for the derivatives with respect to the selected variable.

3. The associated initial, or boundary conditions are expressed similarly at the first and
last grid points. At either of them, if the dependent variable is not specified then
the differential equation is first simplified using the associated condition, and then
expressed as in Step 2 above.

The outcome is a set of finite-differenced equations at each grid point, without the
partial derivatives with respect to the selected independent variable. If the equations
are ordinary differential equations then they can be integrated to obtain the solution,
the approach being that of the method of lines.

4. The next independent variable is then selected. Starting at each existing grid point, the
interval of the newly selected variable is discretized using grid points.

5. Steps 2—4 above are repeated for all independent variables that are involved.

The outcome is a set of algebraic equations. They can be solved using a relevant method
such as the Newton—Raphson method. The solution yields the values of dependent
variables at each grid point.

Strategy

The quality of solution obtained with the above procedure depends on the number of grid
points employed to obtain finite-differenced equations. More grid points mean smaller step
sizes in finite difference formulas, thereby leading to smaller truncation errors, and a more
accurate solution. However, there is a caveat. Increasing the number of grid points also results
in more equations, which need more computation time for their solution. In addition, the
arithmetic operations increase, which increase round-off errors. The latter begin to offset the
decrease in truncation errors, and may reduce the solution accuracy beyond a certain number
of grid points.

Therefore, a recommended strategy is to solve the equations with an increasing number
of grid points until the change in the solution is either negligible, or small enough to be
acceptable within a reasonable computational time limit.
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Example 7.3.1

Oxygen concentration in a blood capillary is described by
dc 9%c 10c
—— — D=4+ =2 7.2
ot (87"2 * T 87‘) 102 (7:20)
with the following initial and boundary conditions:

c V Ri<r<Ry
e(r,0) = (7.21)
ce at r =Ry
e(r,t) = ¢ at r=Ry (7.22)
de V 0<t<t
— =0 at r=Ry (7.23)
or

Solve the above model using the method of finite differences.

Solution

We apply the solution procedure outlined on p. 256. The steps are as follows:

Step 1

The model has c as dependent variable, and ¢ and 7 as independent variables. We first select
r, and discretize its interval using N; equispaced grid points, as shown in Figure 7.11a on
the next page. The N; grid points divide the r-interval into (N; — 1) sub-intervals. At the
i grid point, the radial distance, and the dependent variable are given by, respectively,
r; = (ro +iAr) and c(r;,t) = ¢; where Ar = (Ry — Ry)/(N; — 1) is the size of sub-
intervals, or the distance between any two consecutive grid points. Note that ¢; depends on
the remaining independent variable, i.e., t. Thus, ¢; = ¢;(t).

Step 2

Next, we express Equation (7.20) above at each grid point. This equation has first and second
order derivatives with respect to r. We replace them with centered, first and second order
finite difference formulas, respectively. Thus, for the internal grid points, we obtain

de; Cit1 —2¢;+cim1 . 1 ey — ¢ .

— =D — — =1,2,...,(NV; — 2

dt ( Ar? + ry  2Ar 702> P= 120 )
(7.24)

Step 3

At the first grid point, the concentration is specified to be ¢t by the initial and boundary
conditions, i.e., Equations (7.21) and (7.22). Thus, we have at all times

co = Cr (725)
At the last grid point, r_;, the concentration is not specified. At that point, we have

the second boundary condition given by Equation (7.23) above. Because of this condition,
Equation (7.20) above at » = Ry simplifies to

Jdc d%c

ot~ Paz e
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Figure 7.11 Grid points for oxygen concentration in the capillary along (a) the radial direction from
R to R2, and (b) the time axis from O to ¢, at a radial position r;

In the last equation, using the centered, second order finite difference formula for the second
derivative, we get

dCNi—l CN; — ZCN;—l + CN;—2
=D — ’/‘02
dt Ar?

Note that in the above equation, cy, = ¢(ry;) is the concentration at the grid point 7y,
outside the interval [rq, 7, —1]. This concentration gets resolved through the second boundary
condition. Using the centered, second order finite difference formula for the first derivative,
that condition is expressible as

(7.26)

CN; — CN,—2

2Ar
With the help of the above result, Equation (7.26) above becomes

=0 = CN, = CN,—2

den—1 CNi—2 — CNi—1
_— =2D—— 7.27
dt Ar? "0 (7.27)
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Now the remaining independent variable is ¢, for which we have the initial condition,
Equation (7.21) on p.257. In terms of ¢;, this condition becomes

¢i(0) = ¢;  i=1,2..,N-1 (7.28)

At this juncture, we have a set of ordinary differential equations, Equation (7.24) on
p.- 257 and Equation (7.27) on the previous page, with one less independent variable. These
equations can be integrated using the initial conditions given by Equation (7.28) above to
obtain the solution. This approach is the method of lines. Alternatively, the equations can be
discretized further as follows.

Step 4 — Selection of the Next Independent Variable

We select the next and the last independent variable, i.e., ¢, and discretize its interval using IV;
equispaced grid points ¢;. As shown in Figure 7.11b on the previous page, for each existing
radial location r;, we have N; grid points, which divide the ¢-interval into (NJ — 1) sub-
intervals of the same duration. At the j™ grid point, the time duration, and the dependent
variable are, respectively, given by

tj = tp +]At and C(?”Z',tj) = Cij

tr—0

h At =
where N1

is the duration between any two consecutive time instants, and ¢ is the final time.
Next, we repeat Steps 2—4 of the solution procedure outlined on p. 256.

Step 2

We express at each time instant Equations (7.24) and (7.25) on p. 257, and Equation (7.27)
on the previous page.

Equation (7.24) and Equation (7.27) have first order derivatives with respect to t. We
replace them with their centered, second order finite difference formulas. Thus, for the
internal grid points in the ¢-interval, we obtain

Cigtl —Cij=1 _ p Gty =265 Tl LGy —CGiog)
2At Ar? 75 2Ar 2

i=1,2,...,Ni—2 j=1,2,...,Nj—2 (7.29)

CNi—1,j4+1 — CNi—1,45-1 __ ZDCNi*Q’j —CNi—1,5

2At Ar2 — T055 j=1,2,...,N;—2 (7.30)

where from Equation (7.25) on p. 257, ¢g; = ¢gforj = 0,1,..., N; — 1.

Step 3

At the first grid point of the ¢-interval, the initial concentration at » > R is specified to be ¢
by Equation (7.21) on p.257. Thus, we have ¢;o = cfori =1,2,..., N; — 1.

We now need to discretize Equation (7.24) on p. 257, and Equation (7.27) on the previous
page at the last grid point in the ¢-interval, i.e., tx,—1. Note that the centered, second order



260 Process Modeling and Simulation for Chemical Engineers

finite difference formula requires the out-of-interval concentrations, c; NS, which cannot
be resolved since there is no final condition. This situation is addressed by utilizing the
backward, second order finite difference formula. With this approach, Equation (7.24) and
Equation (7.27) get discretized at the last grid point (¢, 1) into the following equations:

3¢in—1 —4¢i N—2 + ¢ Nj—3 _ pf G+ui— 2¢ij +cim1,4
2At Ar2?
1 civ1,j —cim1yy
L= \J 9 )~ o,
T 2Ar

i=1,2,...,N,—2 (7.31)

3CN171,NJ-71 - 4cNi717]Vj72 + CNi—1,N;-3 . 2DCNi727Njfl — CNi—1,N;—1
2At Ar?

— 1o, (1.32)

Thus, the partial differential equation of the process model given by Equations (7.20)—
(7.23) on p. 257 gets discretized to the set of Equations (7.29)—(7.32). Readers should verify
that this set comprises (N; — 1)(/N; — 1) equations involving the same number of unknown
ci;s. Solution of the discretized equations will provide these unknown c;;s, i.e., the values of
oxygen concentration for ¢ > 0 and r > R; at the grid points shown in Figure 7.12 below.

INj—1 r

Figure 7.12 Oxygen concentrations at grid points in the r- and ¢- intervals in the capillary

Programming Discretized Equations

Because of the repeating patterns in discretized equations at intermediate grid points, it is easy
to program the equations. For the method of lines, Figure 7.13 on the next page shows the
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/I Note: No equation is needed at the first grid point where concentration is already specified
/I Thus, in the program, the total no. of differential equations (n.) is one less than the no. of grid points

const double rate = k_; //first order reaction rate

/I Equation (7.24) on p. 257 for the second grid point at radial distance r_[0] = Ry + Ar

// ‘0’ is the index of the first equation for the second grid point where concentration is ¢_[0]
dcdt[0] = D_x( (c[1]—2%c[0]+cf)/drSqr_ + (c[1]—cf.)/dr2_/r_[0] ) — rate;
//drSar. = Ar?,dr2 = 2Ar

/I Equation (7.24) for the remaining grid points except the last one

for (unsigned i=1; i<n_—1; ++i) {
dcdtli] = D_x( (cli+1]—2xclil4+cli—1])/drSqr_ + (cli+1]—c[i—1])/dr2_/r_[i] ) — rate;
Ie]i] = rfi-1] + Ar

}

/I Equation (7.27) on p. 258 for the last grid point at radial distance R2
/I 'n_-1" is the index of the last (n_th) equation for the last or (n_+1)th grid point where concentration is c_[n_-1]
dcdtln —1] = 2D _#(c[n_—2]—c[n_—1])/drSqr_ — rate;

Figure 7.13 Program code in C language for the ordinary differential equations [Equation (7.24),
p- 257, and Equation (7.27), p. 258]

program code for the ordinary differential equations that can be integrated using a suitable
solver. The program code for the algebraic equations [see Figure 7.14, next page] is more
involved because they carry unknown concentrations in the two dimensions of r and ¢.

Solution of Ordinary Differential Equations

For the parameter values given in Table 7.5 below, Figure 7.15 on p. 263 shows the oxygen
concentration at different grid points versus time obtained from the integration of the ordinary
differential equations using the fifth order Runge—Kutta—Fehlberg method with adaptive
steps. The concentration closer to the capillary rises faster to its oxygen concentration (cg). A
steady state is achieved in about 1.5 s.

Table 7.5 Values of parameters for the oxygen transfer process in a blood capillary

parameter  value parameter  value
Ry 5% 1076 m cr 8 x 1073 kgm™3
Ry 2.25 x 107° m c 103 kgm™3
k 9x 106 kgm3s~! D 107 m?s!

Accuracy of Solution

Figure 7.16 on p. 263 shows the effect of doubling the number of radial grid points on oxygen
concentration at the radial location furthest from the centre. The error relative to half as many
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/I Note: No equations are needed at R, where concentration is specified
// Radial index i = 0 corresponds to (R1 + Ar), the second radial grid point
/I No equations are needed at ¢ = 0 when concentration is already specified
/I Temporal index j = 0 corresponds to (0 + At), the second time instant

const double rate = k_; //first order reaction rate
/I For intermediate time instants — — —
unsigned 1i,j; double p,q;
for (j=0; j<nj-—1; ++j) { //loop over time
/I From Equation (7.29) on p. 259 for all radial grid points except the last one
for (i=0; i<ni-—1; ++i) { // loop over radial distance
if (i == 0) p = cf_; / first boundary condition +/ else p = cli—1][jl;
if (j == 0) q = cs_; /x initial condition +/ else q = c[i][j—1];
flilfjl = (clillj+11—q)/dt2_ — D_x( (cli+11[jl—2x*clil[jl4+p)/drSqr_
+ (cli+1l[jl—p)/dr2_/r_[i] ) + rate;
//dt2_ = 2At, drSqr. = Ar?, dr2. = 2Ar, rfi] = rfi-1] + Ar

/I From Equation (7.30) on p. 259 for the last radial grid point
i=mni—1;
if (j == 0) q = cs_; /« initial condition */ else q = clil[j—1];

flillj] = Cclillj+1]1—q)/dt2_ — 2«D_x(c[i—1][jl—clil[jlD/drSqr_ + rate;

/I For the last time instant — — —
j=mnj—1;
/I From Equation (7.31) on p. 260 for all radial grid points except the last one
for (i=0; i<ni_—1; +-+i) { // loop over radial distance
if (i == 0) p = cf_; /« first boundary condition */ else p = cli—11[jl;
flillj1 = Bxclilljl—4xclillj—11+clillj—21D/dt2_ — D_x( (cli+1][jl—2*clil[jl4+p)/drSqr_
+ (cli+1][jl—p)/dr2_/x_[i] ) + rate;

}

/I From Equation (7.32) on p. 260 for the last radial grid point

i=mni—1,;

fil[j] = (3xclilljl—4xclil[j—1+clil[j—2D)/dt2. — 2+D x(cli—1][jl—clil[j])/drSqr_
+ rate;

}

Figure 7.14 Program code in C language for the algebraic equations given by Equations (7.29)—(7.32)
on pp. 259 and 260

radial grid points decreases with the number of grid points. The maximum absolute error with
eight grid points is 4.7%. The error goes down to 0.3% with 32 grid points.

Note that the errors peak close to the initial time. The reason is that during that time
period, the oxygen concentration undergoes rapid changes. Its time derivatives are very
large compared to those at a later time. Being part of the truncation errors of the numerical
integration method, the larger derivatives result in larger errors.

Q
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Figure 7.15 Oxygen concentration versus time with five grid points along the r-direction in
Example 7.3.1 on p. 257
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Figure 7.16 Error in c¢(R2,t) relative to that obtained with half as many radial grid points in
Example 7.3.1

7.4 Differential Equations with Split Boundaries

Sometimes process models result in coupled ordinary differential equations with split
boundary conditions. In other words, not all equations have conditions specified at the
same boundary of the independent variable interval. For example, some equations have final
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conditions instead of initial conditions. Such equations can be solved using the shooting
Newton—Raphson method.

7.4.1 Shooting Newton—Raphson Method

Based on the Newton—Raphson algorithm, this method solves the differential equations with
guessed missing conditions. They are improved iteratively until all conditions are satisfied.
To illustrate the method, consider the following differential equation:

d*p f dp

Rl z,p, ——

dz? Pz
with the following boundary conditions:

p =p at x=2; and —— = p; at T =%

With the help of
d dg &
dp  _ dg _dp
dx dz  da?
the differential equation can be expressed as the set of the following coupled ordinary
differential equations:

q =

dp
— = 7.33
i q (7.33)
dg
— = : 7.34
o = J@pa (7.34)
with the following initial and final conditions:
p = p at T=u1x (7.35)
q = p; at x =1

Note that the initial value of ¢ is missing. We provide it as
qg = ¢ at T =ux; (7.36)

With this arrangement, we can now integrate Equations (7.33) and (7.34) from z; to the final
x¢. However, in order for g; to be valid, the final g, i.e., g; should be equal to pg. This criterion
is expressed by the following equation:

a(g) —pf = 0 or  g(g)],, —p; = 0 (7.37)
(@)
=g9(ai

Observe that g; is a function of g;. The satisfaction of the above equation requires finding
the root of the right-hand side denoted as the function ¢(g;). Thus, the Newton—Raphson
algorithm to determine g; is,

L4 qiuc)[ﬂ L k=012,
g
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where, on the basis of Equation (7.37) on the previous page,

gl
dg; 9q; 2t

With the help of the last equation, the Newton—Raphson algorithm [see Equation (7.7), p. 237]

is given by

a1

PO IR B ) : k=0,1,2,... (7.38)
0g; o (k)

Differential Equations for Derivatives

To obtain the derivative [0q/dg;],, for use in the above algorithm, we first need to differentiate
Equations (7.33) and (7.34) on the previous page with respect to ¢; as follows:

0 (dp\ _ d [(dp\ _ 9q
94 (dff) - dx(%) = g | 9q0g (7.40)

Equations (7.39) and (7.40) above need to be integrated simultaneously with Equations (7.33)
and (7.34) to obtain [0q/0g;], , which is required by the Newton-Raphson algorithm of
Equation (7.38). The initial conditions for Equations (7.39) and (7.40) are

O _ 0wtz = o (7.41)
Igi
99 _ | ww = o (7.42)
Igi

which are obtained, respectively, from Equations (7.35) and (7.36) on the previous page by
differentiating them with respect to ¢;.

Computational Algorithm
The shooting Newton—Raphson algorithm to solve the boundary value problem is as follows:

1. Set the iteration counter k£ = 0, and provide the initial guess qi(k).

2. Setg = ¢ atx = ;. Obtain [9q/g;], by integrating Equations (7.33), (7.34), (1.39)
and (7.40) using the initial conditions given by Equations (7.35), (7.36), (7.41) and

(7.42).

3. Obtain the improved qi(kH) from the Newton—Raphson algorithm, i.e., Equation (7.38)
above.

4. Assign qi(k'H) — qi(k), increment k by one, and go to Step 2 above until convergence

when either the absolute relative change in qi(k), or the absolute value of g[qi(k)]

becomes less than a specified, small positive number (i.e., accuracy).
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Upon successful convergence, the above algorithm yields ¢; and the desired solution, i.e., the
values of p at different values of x.

Example 7.4.1

At steady state, the temperature in a tapered fin can be obtained from the unsteady state model
[see Section 4.2.3, p. 96] as

da*r 1 dT h
— = — +(T-T,
dy? Z —ay CLdy—'_k( )

f
with z = (Z — ay) where a defines the taper, and the following boundary conditions:

dT
T =T, at y=0 and — =0 a y=Y
dy
Convert the above steady state model into an initial value problem, and solve it using the
shooting Newton—Raphson method for the parameter values given in Table 7.6 below.

Table 7.6 Values of parameters for the tapered fin

parameter  value parameter  value
a 3x 1072 h/k 0.125m~!
T, 23°C Tw 200 °C
Z 2x 1073 m Y 0.05 m

Solution

Comparing this problem to the general one in Section 7.4.1 on p. 264, we observe that T' = p,
y = x, and the right-hand side of the given differential equation is f.

Following the development of Section 7.4.1, and having ¢ = dT'/dy, the set of equations
for the initial value problem is

dT

& = (7.43)

dg 1 h

W - Z—ay [anrk(T Ta)} (7.44)
d /0T dq
4 _ % 7.45
dy(f’)qi) Jq; (7:43)

os/om of/0a

— A
d(@) _ h/k 0T a 0q (7.46)

dy \ Og; Z—ay dq ' Z —ay g
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with the following initial conditions:

oT dq
T = Ta - is = 0, d — =1
w q Gi 94 an Da;

To solve this problem, we carry out the computational algorithm outlined on p.265. Thus, we

make a guess for g, i.e., provide q.(o), and integrate Equations (7.43)—(7.46) on the previous

1

page up to y = Y in order to obtain [0q/ aqi]<;’ ). This derivative value is used in the following
(0) 1.
to g

i i

P -1
gD = @ [_‘1} g : k=0,1,2,...
04i |y WO

where g = ¢gr — 0 = ¢(Y"). Equations (7.43)—(7.46) on the previous page are integrated again
with the improved q]-(l) to obtain [0q/ 8qi]$ ), which is used in the above Newton—Raphson
algorithm for k£ = 1 to obtain the further improved qi(Z)
convergence.

Figure 7.17 below shows the results for the parameters of Table 7.6 on the previous page.
With qi(o) =1, and the specified accuracy of (i) machine epsilon, of 0(10*16), for the
maximum, absolute relative change in qi(k)
of g(qi(k)), the algorithm converged in one iteration. Observe that the boundary condition of
dT'/dy = 0 is satisfied at the end of the fin.

Newton—Raphson algorithm for £ = 0 to improve ¢.

. These calculations are repeated until

, and (i) 1078 for the maximum absolute value

200

)
=
S x
~ =
o 190 <
>
el

.......... ol | | I
0 1 2 3 4 5
y x 102 (m)

180

Figure 7.17 Steady state temperature distribution in the tapered fin at the convergence of the shooting
Newton—Raphson algorithm

Qa
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Simplified Approach

The shooting Newton—Raphson method may be simplified by using the secant method.
In this case, the derivative equations are not needed. Thus, in the above example, only
Equations (7.33) and (7.34) need to be solved, albeit two times with two slightly different
guesses for ¢; in order to approximate the derivative in the Newton—Raphson algorithm.

7.5 Periodic Differential Equations

These differential equations describe periodic processes, which repeat after a time period.
Nature abounds with periodic processes, such as photosynthesis, which follow the circadian
rhythm. Man-made periodic processes are devised to achieve specialized objectives that are
difficult to realize under the normal operations.

We can describe a periodic process in a uniform system as a set of ordinary differential
equations

dy
i f(y) (7.47)

subject to the periodicity conditions

yo = y(7) (7.48)
where () y = [yo Y1 e yn—l] T is the vector of dependent variables, (ii) yo is y
attime t =0, (i) £ = [fo  f1 o fue) T is the vector of right-hand sides of the

above differential equations, and (iv) 7 is time period.
The periodic ordinary differential equations can be solved using the shooting Newton—
Raphson method.

7.5.1 Shooting Newton—Raphson Method

The approach is similar to the one introduced in Section 7.4.1 on p.264. In the present
case, the initial values y( should be such that the periodicity conditions are satisfied, i.e.,
the dependent function

g(yo) = [y(yo)] - Yo =0
%,_C ~
yatt =7 initial y

To zero out g(yo), the Newton-Raphson algorithm [see Equation (7.8), p.237] can be
expressed as

yF =y [7gl,m: k=012, (7.49)

where J is the Jacobian of g with respect to yy at t = 7, and is given by
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Yoo 910 ayn—1,0
Iy O Oy
J = | 9voo 10 n-1,0 (7.50)
OYn—1 OYn—1 Oyn—1
L 9yoo Y10 T Oy 1,

Determination of the Jacobian

Note that in Equation (7.50) above, J is made of partial derivatives evaluated for a given
y(()k) at t = 7. Each of these derivatives is a dependent variable of a differential equation
derivable from Equations (7.47) and (7.48) on the previous page. For example, differentiating
the differential equation, and its initial condition for y;, i.e.,

dy;

prl fi and  %;i(0) = wio

with respect to y;0, we obtain the following differential equation for the derivative 9y;/9y;o
along with the initial condition:

i(aw) _ ”iafi Dy [ay} _Jrf =g @51
dt \ 9y;jo £ Oy Oyjo jo |- 0 if i#j

Integration of the differential equations for all dy; /0y os along with Equation (7.47) up to
t = 7 provides the elements of J.

Computational Algorithm

The shooting Newton—Raphson algorithm to solve the periodic, ordinary differential
equations is as follows:

1. Set the iteration counter & = 0, and provide the initial guess y(()k) for Equation (7.48)
on the previous page.

2. Setyg = y(()k). Obtain the elements of J by integrating up to ¢ = 7, Equation (7.47) on
the previous page simultaneously with Equation (7.51) above for¢,j =0,1,...,n — 1
(i.e., the differential equations for all dy; /0y 05).

3. Obtain the improved y(()kH) from the Newton—Raphson algorithm, i.e., Equation (7.49)

on the previous page.

4. Assign y(()kH) — y(()k)

, increment k by one, and go to Step 2 above until convergence
when either the absolute relative change in yék), or the magnitude of g[y(()k)] (or the
maximum absolute value among its elements) becomes less than a specified, small

positive number (i.e., accuracy).
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Example 7.5.1

The process model of a CSTR in periodic operation is given by

d -

% = Fo(yr — o) — kovdus (7.52)
dy; ~ ~

—/ = F|\ — F 7.53
m 1 oY1 (7.53)

subject to the periodicity conditions

Yo(0) = yo(r) and  y1(0) = wi(7)
In the model equations, (i) yo and y; are the concentrations of, respectively, the reactant and
catalyst, (ii) yr is the reactant concentration in the feed, (iii) 7 is time period, and (iv) FO
and F} are, respectively, the volumetric and catalyst mass flow rates per unit volume of the
reaction mixture. The flow rates are periodic, i.e.,

Fo(0) = Fy(r) and  Fy(0) = Fy(7)

For the parameter values provided in Table 7.7 below, use the shooting Newton—Raphson
method to find the species concentrations versus time in the CSTR for 7 = 10 min.

Table 7.7 Values of parameters for the periodic CSTR

parameter  value parameter  value
Fy 2 + sin(27t/7) cm® min ! Y 4gem™3
ko 5% 107 cm® g2 min~! i3 10 + 5sin(27t/7) gs™!
Solution

In order to solve this problem using the shooting Newton—Raphson method, we need the
derivative differential equations.

Differential Equations for Derivatives

These equations are obtained from Equation (7.51) on the previous page for ¢, j = {1,2}, and
fo and f; as the right-hand sides of Equations (7.52) and (7.53), respectively. The differential
equations for derivatives are as follows:

d [ dyo > = 0o 2 oy [ 0o |
S(EN) = (2% —k : 2 =1
dt (8?;00 (Fo 0y01) Yoo 0% Yoo L9Y00 | —

d [ dyo > = 0o 2 oy [ Oyo |

— === = —(Fp+2k —k , — =0
dt (83/10 (Fo 0y01) Y10 0% Y10 L 9Y10 | 41—
d(8y1> :7]5083/1, [ Oy1 ] -0
dt \ dyoo JYoo | 9yoo | t=0
d(8y1> _ 7F~,an1’ _3311_ -1
dt \ dy10 0y10 | 910 | +t=0
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Computational Algorithm
The following is the shooting Newton—Raphson algorithm to find the species concentrations:
1. Set the counter k = 0, and provide the initial guess y§ = [y, v ’
2. Setyy = y(()k). Obtain Oy, /Oy;os by simultaneously integrating the above differential
equations for derivatives, and Equations (7.52) and (7.53) on the previous page from

t=0torT.
3. Obtain the improved y(()kﬂ) by applying Equations (7.49) and (7.50) on p. 268-269,
ie.,
-1
(k+1) (k) Yo Yo (k)
2 1 ) —
Yoo _ 00 RET D10 Yo(T) — Yoo
(k+1) (k) Oy1 Oy (k)
-1 —
Y10 Y10 Boo A0 T y1(1) — yio
yoty ¥ Iy glys"]
(k+1) (k)

, increment k by one, and go to Step 2 on the previous page

until convergence when either the absolute relative change in y(()k), or the magnitude

of g[y(()k)] (or the maximum absolute value among its elements) becomes less than a

specified, small positive number (i.e., accuracy).

4. Assign y, — ¥

Figure 7.18 on the next page shows the species concentrations obtained from the above
algorithm for the parameters of Table 7.7 on the previous page. With y(()o) = ygo) =1, and the
specified accuracy of (i) machine epsilon, of 0(10*16), for the maximum, absolute relative
change in an element of yék), and (i) 10~® for the maximum absolute value among the

elements of g[y(()k)], the algorithm converged in one iteration.

Q

Simplified Approaches

The shooting Newton—Raphson method may be simplified by using the secant method to
approximate the Jacobian in Equation (7.49) on p.268. Another approach is to use the
method of successive substitution. In this method, the equations are integrated using guessed
initial conditions. The final values of the dependent variables are substituted for the initial
conditions. The integration and substitution are repeated until the initial conditions are
sufficiently close to the final values of dependent variables.

7.6 Programming of Derivatives

Derivatives have a significant role in (i) the solution of non-linear algebraic equations,
and differential equations that are stiff, or have periodic or split boundary conditions,
(ii) non-linear regression, and (iii) optimization. With regards to accuracy and computational
effort, it is considerably more efficient to use analytical expressions for derivatives than
their approximations as done, for example, in the secant method. There is a caveat though.
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Figure 7.18 The reactant and catalyst concentrations (respectively, yo and y1) in the periodic CSTR
at the convergence of the shooting Newton—Raphson algorithm in Example 7.5.1 on p. 270

Even small errors in derivative expressions may lead to erroneous results. Thus, it is of utmost
importance in computer programs to have derivatives without errors.

Analytical expressions for the derivatives of functions can be flawlessly programmed with
the help of finite difference approximation. This can be accomplished using a robust method,
which involves systematic evaluation of a derivative followed by its scrutiny. We explain this
method with the help of the following function:

ak
f(r) = &
(1) P
where
k= koe t/T d - P
0¢ WP T TN T - 1)

with a, ko, b and pq as specified constants.
The goal is to accurately program the derivative d f /dT", which is given by

df 1dk 4 (1N _ (Ldk _k dp
ar ~ Y par " tar\yp)| T “\par ~ p2ar

where
dk _y7 b bk
a = e m s
and
dp pob bp®

ar ~ I FuT-To)P o
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Evaluation of the Derivative

When evaluating complicated expressions, it is recommended to use dummy variables to
preclude errors due to substitutions unless the latter are very simple. Thus, with this approach,
the expression for the derivative df/dT in a computer program is evaluated using the
following sequence of calculations:

di = —bp*/po (ie., dp/dT)
bk .
dy = T2 (i.e., dk/dT)
fr = a<@—k—?> (i.e., df/dT)
PP

where d; and ds are dummy variables.

Scrutiny of the Derivative

The above expression for the derivative (fr) is checked using the following steps:

Step 1 For the specified values of constants, evaluate the function values f; = f(77) and
fo = f(T3) where To = T1(1 + ), and « is a small and adjustable positive fraction
such as 104,

Step 2 Evaluate the finite difference approximation of fr at T3 from

;. fao—fi
fT o aT1

Step 3 Ensure that the error between fr and fT, ie.,
‘1—JFT/fT‘ if [fr|>0
’fT_fT‘ if fr=0
is less than a small positive number, say, 10—,

Step 4 Repeat calculations with smaller values of «, and ensure that e reduces with «.

The above steps catch any errors right away in the expression of the analytical derivative.
If a function is made of additive terms then the derivative of each term may be checked
individually to pinpoint and correct any error. For the purpose of checking, the values of
involved constants may be suitably changed to avoid any subtractive cancellation [see p. 277].

Analytical derivative expressions that are scrutinized in this manner are error free. With this
method, we can be completely assured of the accuracy of derivative expressions in computer
programs.
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7.7 Miscellanea

In this section, we present Simpson’s rules for the integration of discrete data, and methods
to find roots of quadratic and cubic equations.

7.7.1 Integration of Discrete Data

Integration is the calculation of an integral, i.e., the area under a curve. For example, the
integral

I = /bf(m)dx

is the area between the integrand, i.e., the function f(x), and the z-axis in the interval [a, b].
If f(z) = dy/dx then I = y(b) — y(a). Hence, solving the differential equation,

dy

dr f(x)

with the initial condition y(a) = 0 to find y(b) is equivalent to calculating the integral.
Numerical integration methods use Taylor expansions to approximate the integrand f(x).
These methods are employed when either the integrand is known at discrete values of the
independent variable, or analytical integration is hard or impossible to do. The simplest
method is the trapezoidal rule, which uses the first order Taylor expansion, and yields the
integral as the area of the resultant trapezium. A more accurate method is Simpson’s 1/3 rule.

Simpson’s 1/3 Rule

This method uses the third order Taylor expansion [Equation (8.12) on p.322 for n = 3] of
the integrand for the data set

{lz0, f@o)] [or, f@n)] [o2, f2) |

at x = x; with equispaced x;s. Thus, the integral is given by

T2

2 3 4
1= [ + D) + 51w + 310 ) + 100 | as

Zo

where h is the constant step size given by
h = X1 — Xy = T2 — X1 = (l‘g—xo)/Q
and x1 < ( < x1 + h. The above integral with the help of the finite difference formula,

fz2) = 2f(z1) + f(20)
h2

fPa) = +0(h?)
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simplifies to Simpson’s 1/3 rule, i.e.,

I = 2fw) + 45 + f@)] + O)
——

truncation error

Simpson’s 1/3 rule

The accuracy of numerical integration can be increased by increasing the order of the
involved Taylor expansion, which would require more data points. However, when more data
points are present, a preferred approach to increase the accuracy of calculation is that of
composite application of integration formulas based on low-order Taylor expansions. In this
approach, the formulas are applied sequentially over the sub-intervals. The accuracy is higher
because of smaller step sizes, and smaller truncation errors as a consequence.

Composite Application

The integral over the interval [xg, 21, . .., %] can be expressed as
Tn xro g T
I = /f(x)da: = /f(x)dx+/f(a:)dx+~-+/f(a:)da:
Zo Zo xr2 Tn—2

For an even n, the application of Simpson’s 1/3 rule to each integral on the right-hand side of
the above equation yields the composite Simpson’s 1/3 rule, i.e.,

n—1 n—2
I = g{f(wo) Ay i) +2) ] () +f(x")}

i=1,3,5,... i=2,4,6,...

If the number of data points (n + 1) is even, and greater than five then Simpson’s 1/3 rule
can be applied, excluding the last three intervals. The latter are covered by Simpson’s 3/8
rule, which has the same order of accuracy.

Simpson’s 3/8 rule

Proceeding similar to the derivation of the 1/3 rule but with an additional data point
[3, f(2z3)], and f(x) approximated by the fourth order Taylor expansion at (x3 — x¢)/2,
the integral is given by

1= 2 [$eo) +35(@) +3(e2) + flws)] + OGF)
~——

truncation error

Simpson’s 3/8 rule

Example 7.7.1

Gas flow rate in a pipeline is measured every hour. The data over a 9 h period are:
tawy |0 1 2 3 4 5 6 T 8 9

F x 1076
(m*h™")

‘0 0.12 024 055 098 122 134 131 128 1.25

Calculate the volume of gas transported by the pipeline during this time period.
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Solution

The volume of gas transported is given by

9
[ = [ F@t)dt
/

where F'(t) is given at nine, equispaced values of ¢ with h = 1. Since the number of data
points is even, and greater than five, we apply Simpson’s 3/8 rule to the last three z-intervals.
For the remaining intervals, we apply composite Simpson’s 1/3 rule. Thus,

I = S{FO)+A[F() + FG) + F()] +2F((2) + F()] + F(6))

6
[F(t)dt
0

ol w

+ =[F(6) +3F(7) +3F(8) + F(9)] = 7.6650 x 10° m®

9
[ F(t)dt
6

7.7.2  Roots of a Single Algebraic Equation

Process simulation often requires finding the roots of a single non-linear equation of the form
f(x) = 0. Roots could be real, or complex numbers.

Quadratic Equations
The roots of a quadratic equation
ar’ +br4+c = 0

are given by the standard formulas,

—b+ Vb% — dac —b—Vb% — 4ac
mo= T ad @y = (7.54)

If 4ac is very small in comparison to b2 and b > 0 then
= b]

—~

—b+ Vb2 — dac

€T = _—_—

! 2a

In this case, the calculation of x; would involve subtracting b from a very close, positive
number b; as denoted above. On calculators and computers, which use floating-point
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arithmetic, subtracting nearly equal numbers increases the relative error, and causes loss in
significance. This phenomenon is called subtractive cancellation.

For the calculation of x; in this case, subtractive cancellation can be avoided by
multiplying the numerator and denominator of the right-hand side of the equation for x;
by the factor, (—b — v/b? — 4ac). After simplification, we get

—2c
rHq = — (7.55)
' b+ Vb2 — dac
which does not involve the subtraction between b and /b2 — 4ac, both of which are positive.
If 4ac < b? as before but b < 0 then Equation (7.54) on the previous page for x5 would
risk subtractive cancellation. Similar to the previous case, the use of the multiplicative factor

(—b + Vb2 — 4ac) results in
—2c
2T T dac (7.56)

which is free of subtractive cancellation.
Example 7.7.2

Find the roots of the quadratic equation,

0.52% + = + 1.0000005 x 107% = 0.

Solution

In this equation, @ = 0.5, b = 1 and ¢ = 1.0000005 x 10~%. Note that b =~ /b2 — 4ac, so the
calculation of =1 using Equation (7.54) on the previous page involves subtractive cancellation.
Table 7.8 below shows the roots obtained with single and double precisions. While z; and x4
are obtained from Equation (7.54), 2 is obtained from Equation (7.55).

Note that the numerical accuracy of the calculated roots increases with precision.
Equation (7.55), which precludes subtractive cancellation, gives a more accurate result for
the same precision.

Table 7.8 Roots calculated with single and double precisions (correct to 15 significant
figures) along with their exact values

root single precision double precision
1 9.536743164062500 x 10~7 9.999999999177334 x 10~7
1 9.999999974752427 x 10~7 1.000000000000000 x 106

(exact value of z1: 107)

To —2.000000953674316 —2.000001000000000
(exact value of zo: —2.000002000001)
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7.7.3 Cubic Equations

A number of thermodynamic equations of state are cubic equations. The general form of a
cubic equation is
ar® +bx’+cx+d = 0
The procedure to solve the above equation defines

3ac — b2 20% + 27a%d — 9abc 4p3 + 27¢2
= = = d = >~ (157
b 32 1 2743 and 108 (7.57)

and involves the following three cases based on the sign of 7:

Case 1
If r < 0 then there are three real unequal roots. They are given by
2 [ p |9 27m . b .
R Y —+—G -1 == =1,2,3 7.58
x] |q| 3COS|:3+ 3 (] ):| 3@7 J y <y ( )

[ o742
where ¢ = cos~! —% (rad) (7.59)

If » £ 0 then the roots are given by

b
T = ut+v— — (7.60)
3a
u+v b 3
= — —_ i —_— - * 1
T2.3 5 % 5 (u—wv) (7.61)
B q 1/3 B q 1/3
where u = (—2 + \/7_"> , v o= (—2 — \/1_“) (7.62)
and i = /—1.

Case 2

If » = 0 then © = v, and Equations (7.60) and (7.61) above yield three real roots, of which at
least two are equal.

Case 3

Finally, if » > 0, and a, b, c and d are all real then Equations (7.60)—(7.62) yield one real root
(x1), and two complex conjugate roots (z2 and 3).

Example 7.7.3

Find the roots of the following cubic equation:
ar® + bz +cxr+d = 0
for the following parameter sets:
1.a=-2,0=3,¢c=2,and d = -2
2.a=2,b=1,c=4, and d = -2
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Solution

For the first set of parameters, Equation (7.57) on the previous page provides
p = —1.7500, g = 0.2500 and r = —0.1829

Since r < 0, we use Equation (7.59) on the previous page, and obtain ¢ = 1.2864.
Equation (7.58) then yields

1 = —0.8892, =z = 1.7446 and z3 = 0.6446
For the second set of parameters, Equation (7.57) provides
p = 1.9167, q = —1.3241 and r = 0.6991

Since r > 0, we use Equation (7.62) to obtain v = 1.1442 and v = —0.5584. Equation (7.60)
and Equation (7.61) then yield

1 = 0.4192, o = —0.4596 + 1.4745:¢ and
r3 = —0.4596 — 1.4745:
where 1 = /—1.

Q

General Equations

One method to find the real and any imaginary roots of a non-linear algebraic equation is
Muller’s method. This method carries out the following algorithm:

1. Select three initial values of z as the roots of a given function.
2. Fit a quadratic to the function at the three x values.

3. Find the roots of the quadratic. Select one of the roots as the new = value, which is
expected to be closer to the root of the function.

4. Go to Step 2 above, and repeat the calculations with the new z value, and two other x
values until convergence when the absolute value of the function becomes less than a
specified, small positive number (or accuracy).

Fitting of a Quadratic
This is the second step of the above algorithm in which the quadratic
f(z) = a(z —x2)> + bz — 22) + ¢
is expressed at zg, 1 and xo to yield
f(zo) = alzo — x2)? +b(zg — x2) + ¢
f(z1) = a(zy —22)? +b(z1 —22) + ¢
f(z2) = ¢
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Then in terms of

ho = 1 — o, hy = x3 —xy,
dy = fla) = flzo) d, = flz2) — f(21)
ho hl
the coefficients of the quadratic are
dy — dy
b = ahi+d d =
. ahy +dy an c= f(x2)
From Equations (7.55) and (7.56) on p. 277, the root of the quadratic f(x3) is
—2c 2c
ST ba VB — dac ST b VB2 dac (7:63)

For the next iteration, the value of x3 that is closest to x5 is selected. That value is
calculated from the above equation by having the sign of the square root term the same as
that of b. Then, x is assigned to zq, x> is assigned to =1, and z3 is assigned to xs. If all x;s
are real then the value of x (among xy, x1 and x7) that is furthest from x5 is discarded. In
this manner, the iterations are continued. When they converge, the root (either a real root, or
a complex conjugate pair of imaginary roots) is given by xs.

Example 7.7.4
Apply Muller’s method to obtain the roots of the function

f(z) = 2* + 142% + 15922 + 5542 + 1378

Solution

We use Equation (7.63) above to obtain the roots from the quadratic fitted on three x-values,
namely, zo, 1 and 2. With their initial values as, respectively, 0, 1 + ¢, and 2 + 2¢, we
obtain

ho = 141 a = 201+ 561

hy = 144 b = 1146 + 9601

dy = 711+ 189 c = 2198 + 26043

di = 1001+ 7037 r3 = —2.4912 4 1.2178;

Calculations are repeated after the assignments: 1 — xg, T2 — 21, and z3 — zo. With
the accuracy of 10~8 in the absolute value of the function, the method converges in seven
iterations to the pair of imaginary roots: ;1 = (—2 + 3i) and x5 = (—2 — 37).

To find the remaining roots, this method needs to be applied repeatedly to the given
function after dividing it each time by all the known factors, i.e., the (x — zy;)s.

a
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7.A Partial Pivoting for Matrix Inverse

Partial pivoting causes row switches in the lower-upper decomposition of a matrix. To account
for this effect when finding the matrix inverse, we make use of the following equivalence:

Switching the rows of an n X n matrix (or an n vector) is equivalent to its pre-
multiplication by the n X n identity matrix I with the same rows switched. For example,
given a 3 x 3 matrix with the second and third rows switched,

ago 4ol ap2 1 0 0] |ao ao1 ao2
a20 az1 azg| = [0 O 1| |a1o a1 a2
aio aii a2 0 1 0] [a20 as1 a2

Now during the lower-upper decomposition of a square matrix A, suppose that each time
when we switch rows during partial pivoting, we switch the identical rows in I. Thus, along
with L and U, we obtain I’, which is I with all row switches that happened during the lower-
upper decomposition. Note that the product of L and U is A’ (see p.230), which is A with
the same row switches. Based on the aforementioned equivalence, I’ A = A’, which means

A = (I/)—lA/

Moreover, from Equation (7.5) on p. 234, the i™ column of A1 is x;. This vector is given
by the solution of

where b; is a vector with all elements zero, except the i™ one, which is unity.
From the last two equations,

(I/) -1 A/Xi = bi
Multiplying the above equation by I’, and considering that I'(I') ~! = I, we obtain
A/Xi = I/b1 = bk

where k is the index of a row in I’ (or A’, or b’) to which the i row of I (or A, or b)
eventually got switched during the lower-upper decomposition of A.

The above result simply means that if the i row of b eventually becomes the k™ row of
b’ due to partial pivoting in the lower-upper decomposition then by, is to be used to get the
i™ column of A from A’x; = by.

7.B  Derivation of Newton—Raphson Method

Given a set of non-linear equations in the form f(x) = 0, the first order Taylor expansion of
f at x(*T1) near a reference point x(*) is given by [see Section 8.8.2, p.323]

FxD] = fx®] 4+ J[x®)] [x<k+1> _ xUﬂ
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where J [X(k)] is the matrix of partial derivatives of f, or Jacobian, evaluated at x®) ie.,

9t 9% L. 9
0xg (%) 0x1 «(®) 0Tn_1 (0
o[ onl .. on
J[X(k)] _ 81'0 x(®) 8$1 <) 5‘zn_1 ()
af”*1| 8fnfl| o 6fn,1
0xg ‘x(k) 0z |x(1«) 0Tn_1 ()

When x(*1) is sufficiently close to the root, say, x;, the corresponding f [x(kH)] is close to
0, and the Taylor expansion above can be approximated by

0 = flx™]+Jx")] [x(kH) — x(k)} (7.64)

where x(*) is obviously farther from x, than x(**1). The above equation, upon
rearrangement, yields

x(k+1) — (k) ,Jfl[x(k)]f[x(k)]

which, as assumed, is the new value of x that is closer to the root than x*). In other words,
x(**1 is the improvement on x(*). Beginning with a guessed x(?), the iterative application
of the above equation to improve x with k is known as the Newton—Raphson method.

Abnormal Behavior

Depending on the non-linearity, and the location of function evaluation, the Newton—Raphson
method may behave abnormally. Figure 7.19 on the next page shows the method stuck in an
infinite loop because the improved value of x leads to its old value.

For another function [see Figure 7.20, p.284] the improved value of = leads the method
away from the root. Sometimes the Jacobian may become singular. When solving equations
with the computer program of this method, these abnormalities are dealt with by specifying
appropriate convergence criteria, maximum number of iterations, and different initial guesses.

7.B.1 Quadratic Convergence

Sufficiently close to the root x,, we have from the second order Taylor expansion [see
Equation (8.13), p. 323],

f(x;) = 0 = flx®]+JxH)] {xr—x(k)} +a (7.65)
1 e T
where a = §[D2[f1(0] D’[fQ)] ... D2[fn(c)]} ,
————

= eTH e = eTHse = eTH,e
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fla®)

Flat+)

. L (k1) ()

Figure 7.19 Example of the abnormal behavior of the Newton—Raphson method — infinite number of
iterations

e is the vector of current errors, and H; () is the Hessian of the i function f; evaluated at ¢
in the interval (xo, Xo + h).
Subtracting Equation (7.64) on the previous page from Equation (7.65), we obtain

x, —x*H) = g1 x(®]a
H\,—/

where & is the vector of new errors, and J[x(*)] is assumed to be invertible. Taking the norm
on both sides of the above equation, we get

lell = [[-37 ' x®@)al| < -3 x| fal
LB

P

where we have utilized the operator inequality [see Section 8.5.3, p. 305] in the last step.
Now, let n be the number of elements of x, and ¢ be the maximum absolute value among
the elements of all H;s. Noting that a; = e H;e,

n

2
lall < avi(Ye) < el

i=1

where in the last step we have used Cauchy—Schwarz inequality [Section 8.4.2, p. 302] with
e as the first vector, and all elements of the second vector equal to one. Combining the above
inequalities involving ||&|| and ||a]|, we obtain

e < pgn®’|le]
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leads to (2
away from zy

Fla]

e

2(0) 2 Xy

Figure 7.20 Example of the abnormal behavior of the Newton—Raphson method — divergence

This result shows that in the Newton—Raphson method, when x() is sufficiently close to x;,
the magnitude of the new error is proportional to the square of that of the previous error. This
phenomenon is called quadratic convergence. For example, close enough to the root, if the
magnitude of error is 102 then the magnitude of the next error would be of the order 10~

7.C General Derivation of Finite Difference Formulas

In this section, we present a general formula to obtain finite difference formulas of specified
accuracy, and number of equispaced grid points ahead of, and behind a reference grid point.

Consider [ and r equispaced grid points, respectively, to the left and right of the reference
grid point denoted by 4, as shown in Figure 7.21 below.

reference grid point

grid points on the left grid points on the right
A

N oy “—-—-
index j: —I f(l;l) -2 -1 1 2 (r—1) r

Figure 7.21 Grid points for a general finite difference formula

Thus, we have

Titj — Ty = ]h, j:—l, —(l—l),...,—z, —1, 1, 2,...,(7“—1),7“
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where h is the distance between two consecutive grid points. Using Taylor expansion
[Equation (8.12), p. 322], the function value at the j® grid point is given by

ooy = £ (g 4+ OB g GO

j=-l,-(1=-1), ..., -2, -1, 1,2,...,(r=1), r

)
fi(3)+'..+%fi( )+O(hn+1)

where fr, = f(z) and fi(k) = ) (zy).
Multiplying each j™ equation of the above expansion by a constant p;, and summing the
resulting equations yields

r . . r . h2 )
Zpg Froi = 1) = [ D pid VRt + [ D pis? gff)
j=—1 j=—1 j=—1 ’
770 Kiagw ey
=Q =q1 =q2
R (3 W L
- Zpﬂ gff LR D DF AN R A
j=—1 j=—1
’j0 !0
—— ——
=qs =dqn
+O(hn+1)

In terms of @) and ¢;s as denoted above,

h" .(n n
Q@ = ahf 4l 1P O e Lopry ase

The above equation generates all finite difference formulas with appropriate choices of g;s.
We show this with the help of a few examples.

7.C.1 First Derivative, Centered Second Order Formula

To obtain this formula, we express Equation (7.66) above with the remainder term of order

O(h3),i.e

h2
Q = C,Ilhfi(l) +Q2§f¢(2) +O(h3)

Note that the above equation will lead to the O(h?)-accurate formula as

O(h?)
—
W _ (s ko), O
J: Q1h<Q Coyrlit)* —qh
In the above equation, specifying
g =1 (7.67)

@ =0 (7.68)
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yields the formula

FC. % +Oh?) (7.69)
To satisfy the two conditions — Equations (7.67) and (7.68) on the previous page — we
need two grid points (z;s). For the centered formula, they are x;_; and x;4q1 with the
corresponding unknown coefficients p_; and p;, respectively. Thus, j = {—1,1}, and the
two equations expand, respectively, to

p_1(—=1)+pi(1) =1 and p_1(=1)2+p1(1)2 =0
—_—
q1 q2

whose solution is p_; = —1/2 and p; = 1/2. Thus,

fixr — fi1

Q = pa(ficr—fi)+pi(firn— fi) = 5

so that, from Equation (7.69) above, we get the desired finite difference formula,

fz+1 fz 1

o+ O

=

7.C.2 Second Derivative, Forward Second Order Formula

In this case, O(h3)-accuracy requires that we express Equation (7.66) on the previous page
with the remainder term of order O(h*) so that

Q = qlhf”+q2 f“+q3 f“+0(h4)

Note that the above equation will lead to the O(h?)-accurate formula as

O(h?)
2) 2 w_ 02w\ 00
7= W(Q_qui —Qngi > +W
In the above equation, specifying the following three conditions:
@ =1, ¢ =0, ad g3 =0
yields the formula
& = 22 om) (7.70)

The three conditions above require three grid points, which for the forward scheme are z; 1,
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x;12 and x,;43. Thus, j = {1, 2, 3}, and the three conditions expand as

¢ = pi1(1)? +p2(2)° +p3(3)° = 1
@ = p1(1)+p2(2) +ps(3) = 0
e = pi(1)° +p2(2)° +p3(3)° = 0
Solving the above equations we get
pr = -5/2 p =2 and p3 = -1/2

Thus, we have

Q = pi(fir1 — fi) + p2(fire — fi) + pa(firs — fi)

—firs +4fixo —5fir1 +2f;
2

so that from Equation (7.70) on the previous page, we get the desired finite difference formula,

_fz+3+4fz+2_5fz+1 +2f1 (hQ)

2 _
fz’ - h2

7.C.3 Third Derivative, Mixed Fourth Order Formula

In this case, O(h*)-accuracy for the third derivative requires Equation (7.66) on p. 285 with
the remainder term of order O(h”) so that

h?2
Q = qahf + = f<>+q—f3+q4 f4+qo f5+q6 f6+0(h7)

21
leads to o)
2 4 5 6 7

@ _ 8 (o _gnf®_ e W W5 B g O(R)
fi pE (Q ahfy” —orfi” —a g fi — G P - £ ) + N
In the above equation, specifying the six conditions

q3 = 1 and qi = 07 i:1727435a6
yields the formula

6

1 = h—? +O(hY) (7.71)
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To satisfy the six conditions above, we require six grid points. Let us choose them to be x;_4,
ZTi—3, Ti—2, Ti—1, Ti+1 and ;4o in a mixed scheme of two forward, and four backward grid
points, relative to the reference grid point x;. Then the six conditions expand to

2 2
s = Y pi)? =1 ad ¢ = Y p(G) =0  i=12456

j=—4 j=—4
7#0 7#0
The above equations in the matrix form are
-(—4)3 (=37 (=2 (-1® 1° 23_ _p74_ -1_
—4 -3 —2 -1 1 2| |p_s 0
(42 9P (27 (11 2| |0
T T R U | ' R I
(47 =7 (20 (1 2 e |0
(40 (=0 (20 (10 1 2 | |0
whose solu-tion is S -
_p_4— _71/48—
P-3 1/6
P_o —29/48
D—1 1
p1 1/6
D2 1/48

Thus,

2
izo +8fixz1 —35f; +48f;_1 —29f;_2 +8f;_3 — fi_
Q = Y pilfirs—fi) = fiv2 +8fi1 f f481 fi—2 +8fi—3 — fi—a
j=—t
J#0

Substituting the above in Equation (7.71) on the previous page, we get

3)  fira +8fiq1 —35f; +48fi1 —29f; o +8fi_3— fi_a
fi = e +

which is the desired finite difference formula.

O(h*)
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7.C.4 Common Finite Difference Formulas

In this section, we list O(h)- and O(h?)-accurate finite difference formulas for the first to
fourth order derivatives. The number of grid points required by a finite difference formula is
proportional to the order of the derivative as well as the order of accuracy.

In any given problem, the finite difference formulas that are used should of the same
order of accuracy. Generally, the O(h?)-accurate finite difference formulas are preferred.
The backward and forward finite difference formulas find use at the terminal values of the
independent variables.

Formulas of O(h)
First Derivative
FO () = M
FD () = M
Second Derivative
f@(z;) = F(iya) — foffiﬂ) + f(xi)
FA(zy) = fla:) — 2f(9c;l;1) + f(zi—2)
Third Derivative

fO(x;) = % [ f(wigs) = 3f (zig2) + 3f(wix1) — f(a4)]

FO) = 23 ()~ 3 (i) + 37 (wi2) — F(is)]
Fourth Derivative

FO@) = 1 [f@ia) =47 (@irs) + 6 (iy2) — 4 (i) + (1))

fO () = % [f(xi) = 4f (@im1) + 6f(2i—2) — 4f (xi_s) + 4f (zi—4) ]
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Formulas of O(h?)

First Derivative

—f(@iy2) +4f(wiy1) — 3f (i)

CANS

2h
FD (@) = 3f<xi)_4f<x2i};1)+f(xi,2)
FD (@) = f(xiﬂ);hf(xi_l)
Second Derivative

FO) = 5[~ Fleis) + 4 (isa) = 55 @) +2f(z0)]

PO = 2 = 57 (@i1) + 4 (wis) — f(ais)]
f(ivr) = 2f (i) + f(2i1)

(@) = -3

Third Derivative
FO@) = s = 3f(isa) + 14f(iss) — 24f (iy2) + 18f (1) = 55 (z)]
FO @) = S [5£(r) — 18F(wimr) + 24 (rima) — 1F(rios) + 3 (@)
FO@) = g [Fia) = 27 @) + 20 (@i1) — f(zia)]

Fourth Derivative

fO () = i[ = 2f(wiys) + 11f(wiqa) — 24f(wiy3) +26f(wi42) — 14f (2i41)

h4

FOGs) = 5 [3F(r0) ~ 14f(ria) + 267 (21 2) — 24 (wis) + 11/ (i)

— 2f(xi—s) ]
fP(z) = % [f(@ig2) — Af (ig1) + 6f (i) — 4f (xim1) + fzi2)]
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Exercises
7.1 Repeat Example 7.1.3 on p. 238 with Peng—Robinson equation of state:

24+ (B-1)22+(A-3B>-2B)z— (AB-B*-B% = 0

where

B B
A = 0.45724EF, B = 0.0778i, and

1 2
F= - [1 4 (0.37464 + 1.5422w — 0.26992w?) (1 — \/7_;)} .

T

7.2 Write the algorithm to find the determinant of a square matrix using lower-upper
decomposition.



292

Process Modeling and Simulation for Chemical Engineers

7.3 The solution of the tridiagonal system of equations

q1 1
D2 q2
0 ps3
0 0
0 0

0

T2

qs

0

0
0

T3

Pn—2
0

0
qn—2 Tn—2
Pn-1 qn—1
0 Pn

0

Tn—1

an

can be efficiently obtained using Thomas algorithm as

Ln

Zg

bn

bi — Tixit1;

and

t=n—1,n—2...

where Eis and 7;s are calculated as follows:

b1

T1

by
a
1
a

4

T

bi —pibi—1
¢ — piTi-1’

T .
¢ — pifi1’

, 1
1=2,3,
1=2,3,...

T

T2

Tp—1

Tn

by
ba
bn—l
bn,
,n
,n—1

Implement the above algorithm to fit cubic splines using Equation (6.35) on p.217, and
Equation (6.36) on p. 218. Test them using the data of Example 6.2.5 on p.216.

7.4 Apply finite differences to the following process model:

with the following boundary conditions:
dy
dz
dy
dz

= Pe(y—1) at =0

at =1

7.5 Solve the finite-differenced equations obtained in Exercise 7.4 above for Pe = 10%, and
Da = 1.1. Obtain y versus x for different number of grid points starting with 11, i.e., 10
x-intervals. Find the effect of increasing the number of grid points.

7.6 The concentration of a species during reaction inside a porous spherical catalyst is

described by the following model:

oc Do [ ,0c
= ——|(r"=—)—k
r2 Or (T 67") ¢

ot
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The above partial differential equation has the following initial and boundary conditions:

c(r,0) = 0
de
8_’]“ =0 at =0
dc

_D(?_r = ky(c—ca) at r=R

Apply finite differences to the above model, and obtain a set of ordinary differential equations
for concentrations on the grid points along the radial direction.

7.7 Derive the expressions for the accumulated truncation errors involved in solution of
Equation (7.19) on p. 248 obtained from the explicit and implicit Euler’s methods.

7.8 A composite function is given by
f(T) = ak/p  where k = koe %7, p = poc 1T/

and a, kg, b, po, ¢, d and e are some constants. Obtain the analytical expression for
the derivative of the function with respect to 7. Write a computer program to check the
expression.

7.9 Simulate the original and simplified plug flow reactor models in Section 6.1.1 on p. 190.
Compare the results.

7.10 Solve the ordinary differential equations obtained in Exercise 7.6 on the previous page
for different number (/V) of radial grid points, and parameters given in Table 7.9 below.
Comment on the results.

Table 7.9 Values of parameters for Exercise 7.10

parameter  value parameter value
D 1078 m2s7! k 257!
ko 2x 103 ms™! Ca 0.3 molm™3
R 5x 1073 m N 11,21,41,...,321

7.11 The reactant concentration ¢, and the temperature 7" in a tubular reactor under steady
state, and laminar flow are given by the following model:

@ o koc®R? o (73)

0z 20(R2?—1?) PUTT

oT R? 8°T 10T ay o
a—z = —QE(RQ — 7"2)pép |: (W + ;(9_’1”> + (_AHr)kO QXP<—T>C :l
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where z is axial coordinate, kg is Arrhenius rate constant, 7 is radial distance, v is average
axial velocity, R is the inside radius of the reactor, a is the ratio of activation energy of the
reaction to universal gas constant, and (—AH,) is the heat of reaction. The density, thermal
conductivity, and specific heat capacity of the reaction mixture are p, k and Cb, respectively.
The model equations are subject to the following conditions:

8_T
or

c = cf at z=0, 0 at 7 =20,

T =T at z=0, and T = Ty at r=R

where ¢ and T} are, respectively, the values of ¢ and T at the reactor inlet, and Ty, is the wall
temperature of the reactor.

Apply the method of lines on the above reactor model, and obtain a set of ordinary
differential equations.

7.12 Solve the ordinary differential equations obtained in Exercise 7.11 above for different
number (/V) of radial grid points, and parameters given in Table 7.10 below. Comment on the
results.

Table 7.10 Values of parameters for Exercise 7.12

parameter  value parameter  value
ct 1 molm™3 T; 293 K
ko 1.6 m®mol's™! v 0.02ms™!
a 102 K Tw 333 K
R 0.03 m ) 103 kgm=—3
Cp 12Jkg 1K1 —AH,  —1.2x108 Jmol™!
k 1I0WmtK™! N 11,21,41

7.13 Using finite differences, convert the model in Exercise 7.6 on p. 292 to a set of algebraic
equations. Solve these equations for the parameters given in Table 7.9 on the previous page.
Compare the solution with that obtained in Exercise 7.10.

7.14 Express the model in Exercise 7.6 at steady state, and solve it using the shooting
Newton—Raphson method.

7.15 Write a computer program to implement composite Simpson’s 1/3 rule. The program
should utilize Simpson’s 3/8 rule if the number of data points is (i) four, or (ii) even and
greater than five.

7.16 Find the remaining roots in Example 7.7.4 on p. 280.
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Mathematical Review

This chapter reviews the important mathematical concepts underpinning the topics covered
in this book.

8.1 Order of Magnitude

The order of magnitude of a real number is the power of ten included in the number. Thus,
the order of magnitude of y is the integer part of the log; .

The n orders-of-magnitude difference between two real numbers means that the ratio of
the bigger number to the other is m x 10™ where 1 < m < 10.

8.2 Big-O Notation

Consider a function f(z) in the limit of x tending to some value xg. If the upper bound of
| f(x)] is the product of a positive constant ¢ and |x| when z is sufficiently close to x then

lim |f(z)] < clz|, |x—2o] <d>0

T—x0

A brief form of the above expression is

Jim f(z) = O(z)
where O(z) represents the upper bound, or the order of the function f with respect to the
variable z.

8.3 Analytical Function

An analytical function is an infinitely differentiable function, which can be represented as a
convergent Taylor series at any point in the domain of the function. Examples of analytical
functions are polynomials, and exponential, logarithmic and trigonometric functions.

The sums and products of analytical functions are analytical functions. So are the functions
of analytical functions as well as the inverses of analytical functions whose first derivatives
are not zero.

Process Modeling and Simulation for Chemical Engineers: Theory and Practice, First Edition. Simant Ranjan Upreti.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion website: www.wiley.com/go/upreti/pms_for_chemical_engineers
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Analytical Methods
These methods solve equations, and provide answers in terms of analytical functions. For
example, an analytical method would solve

R (I NTORY

providing answer as an analytical function y = y(¢, ¢). In this function, we could plug values
for ¢ and ¢ to obtain the associated value of y. However, there are limited types of equations
that could be solved by analytical methods.

Numerical Methods
These methods approximate equations, or their parts using Taylor expansions with finite
terms. These methods frequently require iterative calculations, and provide answers as direct
numerical values.

While answers from analytical methods are exact, those from numerical methods are
accurate to the degree of the involved approximation. But the latter can be applied to solve
any equations including those that cannot be solved by analytical methods.

8.4 Vectors

A vector in general is an ordered list of finite number of elements. A vector is usually denoted
by a lowercase boldface letter, e.g., a. Thus, in the vector notation

where a;s are the elements or components of a. By default, a vector is considered as a column
vector. The transpose of a column vector is a row vector, and vice versa. Thus, the transpose
of ais

T
a = [al a9 an}

In a Euclidean space such as the three-dimensional Cartesian coordinate system, a vector
is an entity characterized by a magnitude, and a direction. As shown in Figure 8.1 on the
next page, a vector a is represented by an arrow. While the length of the arrow represents the
magnitude or norm of the vector, the arrow itself points to the direction of the vector. The tail
of the arrow is implicitly assumed to lie on the origin. The endpoint of the arrow is the set of
coordinates for the vector components. In terms of the unit vectors (X;s) along the coordinate
axes, the vector is expressed as

a = aiX; + asXg + azXs
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3

%
\
R Y

Figure 8.1 A vector a in the three-dimensional Cartesian coordinate system

where a;s are the vector components. As shown in Figure 8.1 above, these components are
the projections of the vector on the coordinate axes. Thus, the length of a, which is also the
magnitude or norm, is given by

lall = \/af+ a3 + a3

. T, .
In general, the Euclidean norm of avector v = [v1 vy .-+ wy] isgivenby

8.4.1 Vector Operations

The operations defined for vectors are as follows.

Addition and Subtraction

The sum of two vectors of the same size is the vector with each element equal to the sum of
corresponding elements of the added vectors. The order of addition is not important. Thus,

a+b =c¢c = b+a where ¢ = a; + by 1=1,2,...,n

where a, b and c are vectors of the same size n, and have elements a;, b; and ¢;, respectively.
Similarly for subtraction,

a—b = c = —-b+a  where c; = a; — b 1=1,2,....n
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Figure 8.2 below shows vector addition and subtraction in a Euclidean space.

a+b

(a) (b)

Figure 8.2 (a) Addition and (b) subtraction of vectors a and b

Multiplication by a Scalar

Multiplication of a vector by scalar results in each vector element multiplied by the scalar.

Differentiation

The derivative of a vector

T
y = {yl Y2 cee ym:|

with respect to a scalar variable x is written as the column vector

.
dy _ |dyi dgp o dym
de | dz dx dx

The derivative of a scalar y with respect to a vector

-
X = [gcl To e mn}

18 written as the row vector

9y
ox

dy 9y 0y
O0r1 Oxy = Oz,

Forn = 3,

% 8952 81‘3
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is called the gradient operator in the coordinates of Cartesian coordinate system (x1, x2, x3).
The derivative of the vector y with respect to the vector x is written as the matrix

oy Oy oy
0z Oz o oxy,
92 Oz Oya
Vy = a_y _ axl ze a’En (81)
ox
| 021 Oxs o Ox,, |

The above matrix follows the numerator layout convention. According to this convention,
the row index is that of the numerator entity, i.e., Jy;, and the column index is that of the
denominator entity, i.e., 0z;.

Dot or Scalar or Inner Product

This product for two vectors a and b is defined as

a-b = |laf|[b][cosd

where 6 is the angle between the two vectors. Figure 8.3 below shows the geometrical
interpretation of the dot product. Note that a - a = ||a]|?.

area = ||a|||[|b][cos@ =a-b

b

bl

Figure 8.3 Dot product of vectors a and b shown as the shaded area

The dot product has the following properties:

Commutativity a-b = b-a
Distributivity c-(a+b) = c-at+c-b
Non-Associativity (a-b)c # a(b-c)

Scaling Homogeneity  (ea)-b = a-(ab) = «(a-b)
Non-Cancellation a-b = a-c (wherea#0) =4 b=c
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In an orthogonal coordinate system (y1, y2, y3) having unit vectors y,, ¥, and ¥, using
the distributive property of the dot product,

a-b = (a1y; + a2y, +azys) - (b1y; + b2y, + b3y3)
= a1biy, -y +a1bay, - Yo +a1bsy - ¥3

+ agb1yo - ¥ + a2bay, - Yo + a2bsys - ¥a

+ ash1ys -y +asbays - ¥o +asbsys -3

Note that from the definition of the dot product,

Therefore,

a-b = aib; + asby + azbs

Differentiation

The differentiation of the dot product follows the product rule of differentiation, i.e.,

db

4y = o
Cross or Vector or Outer Product
This product for two vectors a and b is defined as
axb = (||la]/||bl/sinf)n = c

where 6 is the angle between the two vectors, and 1 is the unit vector perpendicular to a and
b in the right-handed system, as shown in Figure 8.4 below.

area = ||a||||b|| sin 6 = |la x b|
axb

Figure 8.4 Cross product of vectors a and b

The result of the cross product is the vector ¢ such that looking opposite to it, 6 is the angle
obtained by turning counter-clockwise from a to b. Thus, c is along the upward pointing



8. Mathematical Review 301

right-hand thumb with the remaining fingers curled counter-clockwise in the direction of 6
increasing from a to b.

From the definition of cross product, a x a = 0. The cross product has the following
properties:

Anti-Commutativity axb

—(b x a)

Distributivity cx(a+b) = cxa+ecxb

Non-Associativity (axb)xc # ax(bxc)

ax (ab) = a(axb)

axc (wherea#0) =~ b=c

Scaling Homogeneity  (ea) X b

Non-Cancellation axb

In an orthogonal coordinate system (y1, y2, y3) having unit vectors y,, ¥, and ¥4, using
the distributive property of the cross product,

axb = (a1y; +a2¥s +azys) X (b1yy + b2y, + b3y 3)

= aib1y; X ¥ +a1bey X ¥o +a1bsy; x y3
+ axbi1y, X ¥+ agbayy X ¥o + azbsy, X ¥3
+ azb1y3 X ¥ +azbays X ¥o +azbsys X y3

Note that from the definition of the cross product,

Vi Xy = Y2 Xy = y3xy3 = 0

ViX¥s = =¥ Xy = ¥3
Yo X¥3 = —Y3X¥2 = ¥4
Y3 X¥1 = —Y1X¥3 = ¥2

Therefore,

axb = (agbg — agbg)yl — (a1b3 — a3b1)$’2 + (albg — agbl)y3

. a2 as . |a1 as . |41 ag
=Y — Y +Y¥s3
by b3 by b3 by bo
Vi Yo Y3
= |a1 a9 as (82)

bi b2 bs
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Differentiation

The differentiation of the cross product follows the product rule of differentiation, i.e.,

d da db

el b) = —xb bt

dz (axb) dz X bax dx
Triple Cross Product

The triple cross product is the cross product of a vector by another vector resulting from the
cross product of two vectors, i.e., a X (b x ¢). This product satisfies the identity

ax(bxc) = bla-c)—c(a-b)

which can be verified by expanding both of its sides using the definitions of the cross and dot
vector products. By setting

a=>b =V

where V is the gradient operator (a vector), the above identity yields

V-V)
N——
=v?2

Vx(Vxe) = V(V-c)—c(

Upon rearrangement, the above result provides an important formula for the Laplacian of a
vector ¢, i.e.,

Vi = V(V-¢c)-Vx(Vxc) (8.3)

8.4.2 Cauchy-Schwarz Inequality
According to this inequality,
(x-y)* < |x[?lyl?

where x and y are two vectors having the same number of elements, n.
For n = 2, let

T T
x = [z1 9] and  y=[n
In this case,
(z7 +23) (U7 +v3) — (ziyr +2292)° = (z1y2 — 2211)”
—_——— ——
(I lly112 (x-y)?2 >0

Thus, (x-y)? < ||x||?||y||?, which can be easily generalized for higher dimensions.

8.5 Matrices

Matrices are two-dimensional collections of elements. They are arranged in rows and
columns, and impart brevity in dealing with sets of linear equations.
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8.5.1 Terminology

A square matrix has equal numbers of rows and columns. A diagonal matrix has a principal
diagonal, and all remaining elements 0, e.g.,

Apy 0 0
0 Asy 0
0 0 Ass

The trace of a matrix is the sum of its diagonal elements, Z Aj;. An identity matrix is the

i=1
diagonal matrix I with elements /;; = 1 for all values of i. A symmetric matrixhas A;; = Aj;
for all ¢ and j, e. g.,

1 4 5
4 2 6
5 6 3

An upper triangular matrix has all elements O in the triangular part below the diagonal, e.g.,

A A Agg
0 Az Az
0 0 Ass

On the other hand, a lower triangular matrix has all elements 0 in the triangular part above
the diagonal, e.g.,

Az1 Azx Asg

The inverse A~! of a square matrix A is another square matrix of the same size, which
satisfies
A7'xA = AxAt =1

where I is the identity matrix of the same size.

The transpose of a matrix A is the matrix denoted by A T, which is obtained by turning
the rows of A into its columns.

Lastly, similar to the Euclidean norm of a vector, the Frobenius norm of a matrix A of n
rows and m columns is defined as

n

Al = D> 45

i=1 j=1

where A;; is the element in the i™ row and j™ column of the matrix.
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8.5.2 Matrix Operations

The operations defined for matrices are as follows.

Addition and Subtraction

The sum of two matrices of the same size is the matrix with each element equal to the sum of
corresponding elements in the matrices being added. The order of addition is not important.
Thus, for matrices with n rows and m columns,

A+B =C = B+A where  C;; = A;j + Byj

i=1,2,...,n; j=12,....m

where C;, A;; and B;; are, respectively, the elements in the i" row and 5 column of C, A
and B. Similarly for subtraction,

A-B = C = —B+A where CU = Aij_Bij

Multiplication by a Scalar

Multiplication of a matrix by a scalar results in the multiplication of each matrix element by
the scalar.

Multiplication of Matrices

Multiplication of two matrices is defined if the number of columns of the first matrix is equal
to the number of rows of the second matrix. The result is a matrix that has number of rows of
the first matrix, and the number of columns of the second matrix. Thus, if A has n rows and
m columns, and B has m rows and [ columns then

An><m X Bm><l = Cn><l

The elements of the product C are given by
Cij = > AwBr;  i=12...n  j=12..m
k=1

The product of two matrices is associative, i.e., (AB)C = A(BC) as well as distributive,
ie,(A+B)C=AC+BC.Notethat A x B # B x A.
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Differentiation

The derivative of a matrix A (of n rows and m columns) with respect to a scalar x is written
as

dAH dA12 dAlm
dz dz o dz
dAs;  dAgg dAs,,
dA dz dz o dz
dr
dAnl dAnZ dAﬂm
dz dz o dz

8.5.3 Operator Inequality
According to this inequality
[Ab]| < [[A[b]

where A is an n X m operator (matrix), and b is an m-dimensional vector.
Forn =m = 2, let

A A b
A = H 12 and b= ||
| A21 Ao by
Then
[ Auby + Apsb
Ab — 1101 1202
_A21b1 + Agobo
and
HAb||2 = (A11b1+A12b2)2 + (A21b1+A22b2)2
p q
Because

(AT + A7) (07 +b3) —p = (Auba — A1abr)? > 0
we obtain

p < (Al + A%)(bT + b3)
Similarly we get,

q < (A3 + A3,) (b7 4 b3)
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Combining the last two inequalities yields
p+aq < (A7 + AL+ A3+ A%,) (b7 +103)
—— ——
lAb|2 A2 o]l

The above result in terms of A and b is
[Ab[| < [|Al[[b]

which easily generalizes to higher dimensions.

8.6 Tensors

A tensor is a multilinear and coordinate-independent relation between scalars, vectors, or
higher-dimensional objects. Examples are

1. the relation s that yields the distance d between two position vectors (a and b), i.e.,
d = s(a,b)

2. the relation f between the force F' acting on a particle moving with an acceleration a,
ie.,

3. the relation T" between the differential force dF acting on a differential area element
dA,ie.,
dF = T(dA) 8.4)

Given a coordinate system, a tensor is represented as collection of numerical values in one
or more dimensions. The number of dimensions needed for this purpose is called the order of
the tensor.

8.6.1 Multilinearity

Multilinearity of a tensor means that it is linear with respect to all of its arguments. Thus, for
example,

s(aia—+ asa,b) = ays(a,b) + azs(a,b)
s(a, B1b + ﬁgb) = Bls(a, b) + B2s(a, b)

where a;s and ;s are any scalars.

8.6.2 Coordinate-Independence

Coordinate-independence of tensor means that its output is preserved under coordinate
transformation. For example, the shortest distance between two position vectors stays the
same regardless of the coordinate system. However, note that the representation of a tensor
does change according to the coordinate system. Thus, the shortest distance d between the
position vectors a and b in Cartesian coordinate system is given by the tensor

s(a, b) = \/(a1 — b1)2 + (ag — b2)2 + (a3 — b3)2
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In cylindrical coordinate system (r, 6, z),

ry =/a? + a3 ro = 1/b3 + b3

a = 91:tan1(%> ) b = 92=tan1<2—2>
1 1

z1 = a3 2o = b3

and the shortest distance d between the two vectors is given by the tensor

s(a,b) = y/r? +7r2 —2riracos(fy — 01) + (21 — 22)2

Note that the above representation of s is different from that in Cartesian coordinate system.
But the output d (readers can easily verify) for any given pair of a and b stays the same in
both coordinate systems.

8.6.3 Representation of Second Order Tensor

We are interested in finding the representation of the tensor 7' of Equation (8.4) on the
previous page in an orthogonal coordinate system (y1, y2, y3). We will find out shortly that T’
is a second order tensor.

Equation (8.4) on the previous page can be written as

dFyy, + dFyy, +dFsys = T(dA1y, +dAsy, +dAsys)
dF dA

where dF;s and dA;s are, respectively, the components of dF and dA along the unit vector
¥, of the coordinate system. Using the linearity property of 7', the above equation becomes

dFyy, + dFyy, +dEsys = dAT(y,) +dAT(y,) + dAsT(y5) (8.5)

Consistency requires that T'(y,)s should be vectors. Like any vector, T'(y,)s can be expressed
in terms of unit vectors as

T(y;) = Twuy, + Toiys + T3:¥3; i=1,2,3

with Ty;, T5; and T3; as the components of T'(¥,), respectively, along the y;-, y»- and
ys-directions. Substituting the above expressions in Equation (8.5), we obtain after some
rearrangement,

dFiy, +dFyy, +dF3ys = (TidAs + Ti2dAs + TisdAs)y,
+ (T21dA; + Taad Az + Th3dA3)y,
+ (T51dA; + T3ed Ay + T53dA3)y s
Upon comparing the coefficients of §,;s on both sides of the above equation, we obtain
dFy = Ty1dAy +T19dAs + T3dAs
dFy = T51dA; + T52dAs + Th3dAs
dF5 = T31dA; + T52dAg + T33d A3
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The above relations can be written succinctly as the matrix equation

dry T T,  Tiz| |dAy
dFy | = |15 Tho Ths dA, (8.6)
dF; T3 T3 T33| [dAs

dF T dA

where the matrix T is called the representation of the tensor 7', or just the tensor.

Order of a Tensor

Since the number of dimensions involved in the above representation is two, the tensor is said
to be of the second order. By the same token, a tensor represented by a vector is of the first
order. The tensor having only one component is a scalar, and is of the zeroth order.
Alternative Representation

Using the identities
(ab)-c¢ = a(b-c)

o 1if i=3j
Y. ¥y; =

0 if 1#£7
it is straightforward to verify that Equation (8.6) above can also be expressed as
dF = T-dA

with T represented alternatively by
T = Tuy,y1+Tiey1¥2 + T13y1ys + T21y2¥1 + 1o2Y2ys + T23y2Ys
+ T51¥3Y1 + T52y3Y2 + T33Y3Y3
To summarize, a second order tensor in an orthogonal coordinate system is represented as
T, T2 T3 3 3
T = Ty Ty Tes| = Z Z T3y (8.7
Ts  Ts2 T3 s

The transpose and trace of T are similar to those for matrices.

8.6.4 [Einstein or Index Notation

This notation obviates the use of summation symbol to imply summation. In this notation,
two instances of an index in a term mean its summation over all index values. Hence,

aib; = Zaibi = a1b +asba+ -+ apby

i=1
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where the index ¢ has values 1, 2, ..., n.

In the index notation, multiple indices can repeat in a term, but not more than once. For
example, consider the term A;; Bjicy, which has indices 4, j and k where the last two repeat
once. Let these indices take values from the set {1, 2, 3}. Then,

3 3 3 3
AijBjrer = (ZAiijk>Ck = Y drey = Z(ZAiijk)Ck
j=1 k=1 k=1 j=1
d
=dg

= (AinBi1 + AipBa1 + AizBsi)er + (AjBia + AipBos + AizBsa)co
+ (AiBis + Aj2Baz + Ai3Bss)cs

where we first summed over j and then k. The order of summation does not matter. Thus,
summing first over k and then j gives the same result, i.e.,

3 3 3
Aij( ZBjka> = ZAij ( ZBjka>
k=1 =1 k=1

AijBjkcy,

= Aj(Bucr + Biaca + Bizes) + Ajp(Baicr + Baaca + Basces)
+ Aiz(Bsic1 + Baaca + Bsses)

= (AnBu + AipBo1 + AigBsi)er + (AinBia + Ai2Bag + AizBsa)ca
+ (AiBi13 + Ai2Bas + AizBss)cs

Dummy and Free Indices

In index notation, renaming the repeating indices j and k to, respectively, [ and m changes
the term A;; Bji.ci to A; By, but not the expansion. A once-repeating index such as j is
therefore called a dummy index.

The dummy indices take up all values from the specified set. In contrast, any non-repeating
index such as ¢ in A;; Bjicy, is free to take any value, and is called a free index.

Range of Indices

All indices in index notation take values from the same set unless specified otherwise. Thus,
with the free index ¢ taking values from the same set {1, 2, 3}, the term A;; B, ¢y, stands for
the set {Alijka, AQijka, Angjka}.

Putting it all together, the term A;; Bjcy, represents

AjBjrcr = (AnBii + A12Boy + A13Bs1)er + (A11Bi2 + A12Bas + Ai3Bsa)co
+ (A11B13 + A12Ba3 + A13Bs3)cs

AgjBjrcy = (A21Bi1 + A2 Boy + AszBsi)cr + (A1 Bia + AgaBag + AssBsa)co
+ (A21B13 + A2 Baz + A3 Ba3)cs
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A3jBjrcy = (As1Bi1 + AspBoy + AssBsi)er + (Az1Bi2 + AzaBap + AzzBsa)co
+ (Az1B13 + A3z Bas + A33Bss)cs
Note how index notation enables brevity. It is necessary for efficient handling of expressions
involving vector and tensors.
Substitution of Expressions

In index notation, when substituting one term into another, the dummy indices of one of the
terms should be renamed suitably to avoid any duplication between the terms. Consider for
example the substitution of the term D;xe; for ¢y, in the main term A;; Bjxcy. The two terms
have the index ¢ in common, which is a dummy index in the first term, i.e., D;;e;. Before
doing the substitution, this index should be renamed to, say, [, which does not appear in the
main term. Thus,

AijBjrer, = AijBjrDike

Representation of Vectors and Tensors

In index notation, a vector a of an orthogonal coordinate system is represented by a;¥y;
where a; is the component of a along the unit vector ¥, associated with the y;-coordinate. A
second order tensor T in the same system is represented by 7;;y,y; where T;; is the tensor
component associated with the ;- and y;-coordinates.

8.6.5 Kronecker Delta

This term is defined as
1 for 1=
bij = .
0 for i#j
Hence, when present in a term, the Kronecker delta knocks out terms with unequal indices.
For example, when the index values are 1, 2 and 3,

aibj(;ij = albj51j —|—a2bj52j —|—a3b]-53j

= a1b1011 + a1bad12 + a1b3d13 4+ azbi021 + a2b2dan + azbzdos
+ azb1d31 + aszbadze + azbsdss

= a1by + agbs + asbs = a;b;

8.6.6 Operations Involving Vectors and Second Order Tensors

These operations in an orthogonal coordinate system are best understood with the help of
tensors called dyads, and the unit dyadic.
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Dyads

A dyad is a tensor resulting from the multiplication of two vectors as follows:

a1 a1b1 a1b2 a1b3
ab = ab' = as [bl by bs| = |asgby aby asbs
as asby  aszby  asbs

If a and b are unit vectors then their product yields a matrix with one unit element, and the
rest of the elements zero. For example, in an orthogonal coordinate system,

10 o 0 1 o
yivi = |0 0 0], yiy2 = |0 0 0],
0 0 0 0 0 0
o o 1] 0 o o
yiys = [0 0 0|, ..., ¥3y3 =10 0 0
0 0 0 0 0 1

where y,y; is a unit dyad. It is a 3 x 3 matrix with all elements zero except one, which is

unity and lies on the i row and 5" column.
A tensor can be expressed as a linear combination of unit dyads as follows:

1 0 0 0 1 0
T = Ti1 |0 0 0| + Ti2|0 0 0
0 0 0 0 0 O_

0 0 1 _0 0 0

+ Tiz|0 0 0| + -+ + 1330 0 O

0 0 0 0 0 1

where T;s are scalar coefficients. Or, in index notation,

T = Tijyiyj
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Dyadic

A dyadic is a linear combination of dyads with scalar coefficients, and is a second order
tensor. A unit dyadic (or unit tensor) is a tensor denoted by & such that for any second order
tensor T,

6-T =T

In an orthogonal coordinate system,

1 0 0
0 = ¥1Y1+¥¥2+y3y3 = [0 1 0 (8.8)
0 0 1

Operations

The following operations apply to the second order tensors in an orthogonal coordinate
system:

Addition and Subtraction

These two operations are similar to that for matrices.

Product of a Tensor with a Vector
The product of a tensor A with a vector b is a vector
a=A'b

In matrix representation, the product is Ab, i.e.,

ay A A1z Az b1 Avrar + Arzas + Aizas

ar| = |[Axn Az Ass ba| = |Asiar + Azsas + Assas

as Asy Asy Ass| |bs Asrar + Aszas + Aszzas
~——

a A b

In index notation, this product is denoted by

a; — Aijaj

Product of a Vector with a Tensor

The product of a vector b with a tensor A is a vector

a=">b-A
In matrix representation, the productisb' A, i.e.,
T
ay by A A Agg b1 A1 + ba Aoy + b3 Az
az| = |b2 Ao Az Azs| = |b1Aia + baAss + b3Asz

as b3 Aszp Azx Asg b1 A3 + baAas + b3 Ass
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In index notation, this product is denoted by
a; = bj Aji

Thus, A - b # b - A unless A is symmetric, i.e., A;; = Aj;.

Product of Two Tensors

The product of two tensors A and B is written as A - B. It is tensor C that is obtained by
multiplying A and B as matrices. In index notation, the product is denoted by

Cij = AixBu;

Similar to the product of two matrices, A-B # B - A.

Scalar or Double Dot Product

The scalar product of two tensors results in a scalar, and is based on the following definition
of the product of two dyads:

Yivi vy = 3 ¥)(F; - ¥i) = dudj (scalar)

Using the above definition, the product is given by

A:B = Ayy,y;: Buyry = AijBuyy;Yiy: = AijBridudjk
= A;;Bj; (scalar)
= Au By + AiaBai + Ai3Bs;
= A1 B+ A21Bi2 + A31B13 + A12Bo1 + A2 Bas + AzaBas
+ A13B31 + A23 B2 + A33Bss
Tensor Product

The tensor product of two tensors results in a tensor, and is based on the following definition
of the dot product of two dyads:

Yiv; iy = ¥ ye)yi = ¥:(0k)y, = ¥:¥: (dyad, ie., tensor)
= 5’15’1 + 5’15’2 + 5’15’3
= Y1¥1+ YY1 YY1 + V1Yo T Y2¥2 T VsY2
+¥1Ys+¥2¥s +¥3¥s
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Thus,

A-B = Ayy.y; Buyeyr = AijBuy(¥; Y)Y = AijBuyi(01)y,
= Ai;B;y;y, = (AuBu+ AieBa + AisBs) y,¥,
=Ca

= Cuy;y, (tensor)
= Cuy,;y1 + Ci2y,;¥2 + Ci3y,;¥3

= Cuy1y1 +Cayay1 + C3193y1 + Cr12y1Y2 + C22¥yoys + C3253Y,
+ C1351¥3 + C23Y2¥3 + C3353Y3

Dot Product of a Tensor and a Vector

This product results in a vector, and is based on the following definition of the dot product of
a dyad, and a unit vector:

ViV ¥ = V¥, Y) = ¥:i(6x) = ¥; (unit vector)

A-b = Ayyy; - bkyi = Aibey (¥ V) = Aibey;(651)
= A;b;y; (vector)

= Aubiy; + Aibay,; + Aisbsy;

A1b1y, + Aa1biyy + Agibiys + Aioboy, + Asaboyy + Asabays
+ Aisbsy, + Aoxzbsy,y + Aszbsys

= (A11b1 + Azbz + A1zb3)y; + (A21b1 + Aazba + A23b3)¥,
+ (As1by + Asaby + Assbs)ys

Similarly,

b-A (A11b1 + Ao1by + As1b3)y, + (A12by + Agzbo + Az0b3)y,

+ (A13b1 + Agzby + Azzbs)ys
Thus, unless A is symmetric (i.e., A;; = A4;;), A-b # b-A.

The operations described next involve the gradient operator V, which is a vector. In index
notation, this operator is written as

. 0
VT Vi
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Gradient of a Vector

The gradient of a vector is a tensor given by Equation (8.1) on p.299. In index notation,

0 R da; . da; . .
Va = (yia—yi)(ajyj) = yla 1y, = a—yjyiyj
v a
— 8ajA _A'_aa]A _A'_aa]A S —%AA_F%“A_F%AA
- 81/1 y 81/ y2 81/ y3 y] - 8:[/1 YIy] ay2 yZy] ays ySy]
6‘(11 A 8(12 A 8a3 A 5‘a1 A 8a2 N 8a3 A
(’Tylhh + @Yﬂ’z + @yn’s + 9, Y21 + EREAE + EREAE!

+ 8a1A N +8a2yy +8a3yy
. Y3Y
ays 351 a 352 8y3 373

Divergence of a Tensor

The divergence of a tensor A is given by

0 0A;; 0A;.
A =3 % Ayy =y iy i g
v Yigy, Ais¥iYi i oy ViV m (¥ Y)Y,
Y A
DA 0A;
_ % 5 ; o ij A
8yk ( g )y] 5?/1
OA; | 0Ay; 6A3]> DAy, 0Ay . OAs; .
— + = - +
< oy 0y 0ys3 oy Yi 0y Yi Oys Vi
0A;; . 0As . 0As . ) <8A21 ) 0Ass . 0Ass . )
= + + + + +
< ayl Y1 ayl Yo ayl Y3 ay2 Y1 ayz Yo ay2 Y3
+ + +
( ays Y1 Oy V2T oy VP

0A11  0Axn 31431) . (5/112 0Aa 31432) .
= + 2 + + 2 4
< oy Oy2  Oys oyr | oya | oys )72
0A13  0Aas 81433) .
+ +
( o 0y 0ys3 E

Divergence of a Dyad
The divergence of a dyad ab is given by the identity

V-ab = a-Vb+b(V-a)
(8.9)
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We prove the validity of the Equation (8.9) on the previous page by expanding its terms. The
first right-hand side term of this equation is given by

3 3 PR 3 3 3 O(be3s)
. . . . . k
D VD S DD VD DR o
i=1 j=1 Yi = i=1 j=1k=1 Yi
3 3 3 N 3 3 N
. Oy O(bry
DO DNERIE R DD W o
i=1 j=1k=1 ‘5\/-’ Y i=1 k=1 Yi
3 3 N 3 3
ayk abkA abkA
P HACTE "Rt D 9 ottt <)
i=1 k=1 N i=1 k=1
The second right-hand term of Equation (8.9) is given by
3 9 3 3 3 (1)
SEEDRTIO RIS BN EDRAD DR
k=1 j=1 Yi = k=1 j=114=1 Yi
3 3 3 .
. . oy . Oa
= Sy d v (G +agy)
k=1 j=11i=1 J J
=0
3 3 3 da
= D VDD ¥ Vg
k=1 j=114=1 H&f-’ 9y;
3 3 3 3
R 8ai aai A
SRS LIS 3 pL A
k=1 i=1 k=1 i=1
Finally, the left-hand side of Equation (8.9) is given by
3 9 3 3 3 3 9
SEEIED SIS 30 ERINED 3) 3) PRI
i=1 Yi j=1k=1 i=1 j=1 k=1 Yi
3 3 3 o
. 0y;98) 3
= Y3 [ T a4 19, v
i=1 j=1 k=1 N Yi _ s
=0 *J
3 3 3 3 3
) da; , . Oby,
= D) g -(abi) = DY b + YD aim-¥i
o O o O =D v
=b(Va) =a-Vb

which is the sum of the two right-hand side terms derived above.
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Dot Product of a Vector and Gradient of a Vector

This product for vectors a and b is given by

. 0b; . . ob; .. . . 0b; N
a-Vb = akYk'_ayJiYiy]' = akay; Vi ¥)y; = ak—ayz_ (0ri)¥
big (vector)
= a;="Y;
6yiyJ

( 8_b+ 3bj+ ab)A
81 232 3y3y

= (a b | 4,00 4 abl) + <a b2 4 0,9% 44 aZ)Q)A
~ \May TPy T Moy, ) Yoy T Moy, T Moy, )7

T AL L B
8 " ag —— 9y 3 Y3
Double Dot Product of a Tensor and the Gradient of a Vector

This product for a tensor A, and a vector b is given by

b, ob; b,
oo _ 4 oo — 4
RCL K LYY Ky LY 5) 0¥

A:Vb = Auy,y;:

b, 0b;
Aklaiyz(skj(sli = Aﬂ@yz (scalar)

oby 0by Obs
- Alz 82/1 + A21 ayz A.?n ayz

oby 0by oby 0by 0by 0by
o +14123 " +A136y3 + A218 +A223 +A236 ”

Obs Obs Obs
A A + A
+ As1 57— oy + Aza 57— 9y 335 9y

= An—

It may be noted that the above product is the trace of the product of the two matrices,
namely, A and Vb.

Divergence of the Product of a Scalar and a Vector

Using the product rule of differentiation,

d(ab;) >\ da
on, = Zaxj z:: o, = aV-b+b-Va (8.10)
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8.7 Differential

Consider a function f(z). Then the differential of f at x = x( is defined as the change df in
f associated with the change h in z that satisfies the following requirements:

1. Compared to h, the change df is closer to the actual function change

f(@o+h) = f(x)

2. The change df is a linear and continuous function of h at x.

Remarks

The motivation for the above requirements is to obtain a simple function d f relating function
change to the variable change with little or no error. Utilizing this function, we can calculate
the new function value f(xo + h) simply from*

flxo+h) = f(zo)+df(xo;h)

for sufficiently small changes h around z(. Note that df is evaluated at x¢, and is a linear
function of h. The error involved in the above calculation is the remainder term of the first
order Taylor expansion. As per the first requirement, this error must reduce faster than h.
Thus, if & is reduced progressively then at some hg there would be no error left, and df
would accurately represent the function changes in the interval [zq, 2o + hg)-

8.7.1 Derivative

The definition of the derivative stems from that of the differential. Consider the last equation
in the limit of h tending to zero when there is no error involved. Then multiplying and dividing
df(zg; h) by h in the equation yields

df(zo; h)

h
——

derivative

flxo+h) = f(zo)+ h; limh — 0

where the derivative as shown above is the coefficient of h. More precisely, the derivative of
f(z) at xq is defined as
df (zo; h)

af — lim - lim f(zo +h) — f(zo)

dx 0 h—0 h h—0 h

In terms of the derivative, the differential of f(x) for a change dx in x is given by

df = ﬂdw

8.7.2 Partial Derivative and Differential

For a multivariable function f(x), where x [a:l To . xn] T, the partial derivative
of f with respect to the x; is the derivative
dz; | Oy T k50 h

*Instead of evaluating f(zo + h) all over again from f(z).
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that is obtained keeping all variables except x; (i.e., the vector X) constant. Thus, the partial
differential with respect to x; is

O 4o,

8:51-

The sum of all partial differentials of f(z), i.e.,

n af

is called the total differential.

8.7.3 Chain Rule of Differentiation

This rule provides the derivative of a function with respect to an indirectly related variable.
The derivative is obtained by combining and simplifying the involved differentials.

For example, consider f = f(y) where y = y(x). Here f is indirectly related to x. To
obtain d f /dx, we first write down the differentials of the involved functions. The differential
of f is given by

g

d =
f dyy

Similarly, the differential of y is given by
dy
dy = —d
4 dx “

Combining the last two equations, and dividing the result by dz, we obtain

df _ dfdy
dzr  dydzx

Multivariable Function

Let f = f(x,y) with x = x(t) and y = y(t). Thus,

o= fla), y®)]

Here, f is indirectly related to t. To obtain the derivative of f with respect to ¢, we first write
down the differentials of the involved functions. The differential of f is given by

_ 0f g, 9f
df = 8xdx+3ydy

The differentials of z and y in turn are, respectively, given by

dz dy
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Combining the last three equations, and dividing the result by d¢ we obtain

df _ 0fdr  0fdy
dt ~ dxdt Oy dt

If f additionally depends explicitly on ¢, i.e.,

f = f[l‘(t), y(t)’ t]

then

_Ofy  9f,  9f
df = 8xd +8 dy +8tdt
so that

aj _ 9fde_ 0fdy o
dt  Oxdt  Oydt Ot

Function of Several Multivariable Functions

Let f = f(x,y) with x = x(s,t) and y = (s, t). Thus,

f = f[x(s,t), y(87t)]

Here, f is indirectly related to ¢ and s, and the last two variables are independent of each
other. To obtain the derivative of f with respect to s, we first write down the differentials of
the involved functions. The differentials are

_of of Oz Ox Oy dy
df = o —dz +8 dy, dr = 85d8+ 8tdt’ and dy = 85d8+3tdt

Combining the last three equations, and dividing the result by ds, we obtain
d af (0 Ox dt of (0 Jy dt af o af o
af _ f<x+x>+f(y+y>fm+fy

ds  0x\9s Otds Oy \ 0s Ot ds dr 0s 0Oy 0Os
-0 =0

since ¢ does not depend on s.
In the same manner, the derivative of f with respect to ¢ is given by

df _ 9fox  0f oy
dt oz ot Oy ot
If f additionally depends explicitly on ¢, i.e.,

f = f[m(s,t), y(svt)v t]

then
df _ 0f0x 0fdy  Of
dt ~ oz ot Oy ot ot
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8.7.4 Material and Total Derivatives

Consider a particle moving in space, as shown in Figure 8.5 below. At time ¢, the position of
the particle is given by

t
dx; :
z;(t) = ;(0) —|—/ dxt dt; i=1,2,3
—~

or, in vector notation,

t
dx
= % —dt
X X+/dt
0

where x = [z1 22 3] T is the spatial position vector, and X = [Z1 T2 I3
is the material position vector. The latter identifies a particle that occupies a position at a
reference time, ¢ = 0. This identification is unique because only one particle can occupy a
position at a given time.

}T

~ T2

zs(t+ A L
z3(t) ’ PRI

23(0) 1"

" particle at spatial
S . coordinates

S particle at reference ~~.-”
b or material O
coordinates -~

x1

Figure 8.5 A particle moving in space from material coordinates at initial time (f = 0) to spatial
coordinates at time ¢
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We express the particle position symbolically as
x = x(x,t)
and consider a property, say temperature 7', which varies with x as well as ¢. Then
T = T(x, t) = Tx(x,t),t] = Tx1(x, t), x2(X,t), x3(X, 1), t]
For a given particle, X is constant so that
T = Tlxi(t), z2(t), 23(t), t]

and the derivative of 7" with respect to ¢ is called the material or substantial derivative.
Using the chain rule of differentiation, the substantial derivative is given by

drr DT 0T dazy 0T dwy 0T dzz  OT

d ~ Dt Om dt | 0w, dt | Omy At | OF
Note that dz; /dt is the ith component of the particle velocity, i.e., v;. Thus,
DT 8T oT oT oT oT
_— = — — = VT — 8.11
R S T Vo @.11)

If an observer moves around, sampling 7" then
T = T[$1(t)7 xQ(t)7 l‘3(t), t}

where the x;s are the coordinates of the observer. In this case, the derivative of T" with respect
to ¢ is called the total derivative. It is given by

dT 0T dx 0T dxo oT dxzg 0T

At T omy At ows dt | Ows dt ot
wq wo w3

where the w;s are components of the observer velocity. Thus,

T or
- - vT. hall
a - Vvt g,

where w is the observer velocity.

8.8 Taylor Series

Consider a function f(x) that is differentiable at least n times with respect to z. Then f(z)
at a distance h from the reference point x = x is given by the n* order Taylor series or
expansion

flxzo+h) = f(xo)+h{dm . + o | 32 R o

df h? [d%f B3 [d3f R [d™f
| valan], e slas], o]

hn+1 |:dn+1f:| (8 12)

(n+ 1! [dantt ],

remainder of O(h"1)
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where ( lies in the interval (xg,xo + h). The last term of Equation (8.12) on the previous
page is called the remainder. It is the sum of the remaining infinite number of terms, i.e.,

n+1 n+1 n+2 n+2
e e

(n+1)! | dznt! n+ 2)! | dznt?

Note that when h is a fraction, the remainder decreases with n. For sufficiently large n,
or small h, the remainder becomes negligible, and is therefore discarded. Equation (8.12)
without the remainder is called the n™ order Taylor approximation of f(x) at .

8.8.1 Multivariable Taylor Series

Consider a function f(x) where x is a vector of m independent variables: 21, T3, ..., Z;,. The
function is differentiable at least n times with respect to x. Let x( be the vector of reference
values of x, and x; = (X + h) be a point in the neighborhood of x¢. Then the n’-order,
multivariable Taylor series or expansion of f(x1) is given by

Flo+1) = F(xo) +D[f(x0)] + ;D7 [£x0)] + 5 D°[Fx0)] + -+

1
(n+1)!

remainder

+ %D”[f(x())] + D"TH(Q)] (8.13)

where ¢ lies in the interval (xo, %o + h), and D*[ f(xo)] is the i differential of f evaluated
at Xg, i.e.,

m

. m m ai
D'[f(x0)] = Z Z Z{hklhkg...hki{axk 8xkf~-3xk.} } (8.14)
k1=1 ko=1 ki=1 1 2 © 4 Xo

For sufficiently large n, or small ||h]|, the remainder term of Equation (8.13) above becomes
negligible, and is therefore discarded. Equation (8.13) without the remainder is the n'-order
Taylor approximation of f(x) at xg.

8.8.2 First Order Taylor Expansion

A function f(x) that is infinitely differentiable at a reference point x = x( can be expressed
at x = (xg + h) by the Taylor series, i.e.,

—[d'f i
flao+h) = flzo)+ Y. {dxi} (h)
i=1 o
In the above series, the smaller the h the less significant the terms containing its higher
powers. In fact, for fractional h, the terms with powers of i two or more vanish faster than h.
When those terms disappear with A tending to zero, we can write

flzo+h) = flzxo)+ {gkoh
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In general, for any reference point x, and h tending to zero

flx+h) = flx)+ gh

The above equation is called the first order Taylor expansion. Given a function whose
derivative exists at a reference point, this expansion provides the function value in the vicinity

of the reference point.

Expansion of a Vector Function

For a vector function f(z) = [fi(z)  fa(z) ... fn(z)]—r, the first order Taylor
expansion at a distance h away from a given x is
.
dfi dfo dfn
flx+h) = f(x)+ | - | h
( ) () dx dx dx
If the function argument is a vector, say, X = [z T - T, then

f(x+h) = f(x)+Jh

where
oh ofh oh )
61‘1 8I2 o al‘m !
o 0 042 "
J = 0z, Oz o O m and h=
afn afn af” h
| Ox1 Oz O, | L]
Example 8.8.1

Find the second order Taylor expansion of

3

X .
fz1,m0,23) = =X +sinas

Z2
. . . . ﬂ. T
in the vicinity of x = x¢o = |1 1 3| -

Solution

From Equation (8.13) on the previous page, the second order Taylor expansion is

Flxo+h) = f(xo)+D[f(x0)] + D[ F(x0)]
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In the last equation, f(xp) = 2. The differentials are obtained using Equation (8.14) on

p- 323. Thus, the first differential is given by

D[f(x0)] = ihkl[ of LO = |:h1ﬁ+h2—f+h2 fLO

= " B 9 s
3
_ {hl(?ﬂh) +h2( gg ) +h3(c05x3)]
x2 2 X0
= 3h1 - h2

Similarly, the second differential is given by

2 ; 3 82f
D?|f(x0)] = k12=:1 ’g::l{hklhkz [m]xo}

0% f o*f
- |: ( + h2 3&616.%'2 + h3 ax18$3>

82f o0 f 0% f
h (hl 8I28 X1 + h2 81’22 + h36x28x3)

2f 82f an

hs| h h h

+ 3( 16x36x1 + 25%35’332 M 35’$32>L0

Pf 2 Pf .0 0 f 0°f
— |2 h2 h2 2h1h 2h1h:

{ 12,2 T 00,2 T Mg T M g b, T2 S b0 00,
2
/ gy *f »’f

+2h2h383§28:ﬂ3]x <mce &Eiaz.j:m>

+ 2h2h3(0)}

X0

= 6h] + 2h3 — h}

20 3
{/ﬁ(&”l) h2< )+h3(—smx3)+2h1h2( 32
Z2 372 l‘2

2
1) + 2h1h3(0)

With the help of the above function and differentials at x, the second order Taylor expansion

is given by

f(xo+h) = 2+ 3hs — hy + 6h3 + 2h3 — ]

Q
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8.9 L’Hopital’s Rule

As per this rule, the limit (if it exists) of a ratio of two differentiable functions, whose limits
are either both zero or infinity, is the limit of the ratio of their derivatives. Thus,

. fle) . df/dz
e T gk

This rule helps circumvent “0/0” or “co/oc0” forms. For example,

lim Inz  Inl _9
slz—1  1—-1 0

However, applying L’Hopital’s rule, we get

1 1
lim nr_ lim dz = lim ﬁ =1
z—1 1 — r—1 d ( 1) z—1 ]_

— (-

dzx

8.10 Leibniz’s Rule

This rule provides the derivative of a definite integral with respect to its limit.
For the definite integral

Il/fdz

the derivative of I with respect to the upper limit u is given by

u+Au u
/ fdz — / fdx
dI o I(u+ Au) — I(u) ! 1
du Au—0 Au Au—0 Au

—
—_—
5'

f(w)Au
Au—0 Au Aigo Au

|
g
I
—

= fu)

In the same manner, the derivative of I with respect to the lower limit [ is given by

df
S = -0
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8.11 Integration by Parts

This is the integration of the product of two functions, and is given by the following formula:

foeae = [o oo - [[22 ] oo

where y and z are continuous functions of x, and y is differentiable with respect to x. Note
that the right-hand side of the above equation carries the integral of z. This feature enables
simplification when z is a derivative of a function with respect to z.

8.12 Euler’s Formulas
For a real number z, the Euler’s formula is

e = cosx+isinx

where e is the base of natural logarithm, and ¢ is /—1. Replacing « by —z, we get the second
Euler’s formula, i.e.,

e = cosx —isinx

Solving the last two equations for sin x and cos x yields, respectively,

. —e
siny = ——— and
21
eiw + e—i:E
cosr =
2

8.13 Solution of Linear Ordinary Differential Equations

The n'"-order, linear ordinary differential equation is given by

dny dnfly dy
— .., = =0
f(dxn, d{[;nfl’ ’dl.’y?x

where f is a linear function of y, its derivatives with respect to x, and z. The above equation
can be transformed into a set of first order equations by introducing a dependent variable for
each derivative of order higher than one [see Section 5.4.1, p. 178].

8.13.1 Single First Order Equation

Consider the general first order differential equation expressed as

— +px)y = q(x) (8.15)
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Let () be a function that satisfies

dp
dr Kp
Suppose that . > 0, so that the integration of the above equation yields
fpda:
u = e (8.16)

where the arbitrary constant of integration is taken to be zero. Note that + > 0 as supposed.
Multiplying both sides of Equation (8.15) on the previous page by u, we get

dp/dz
oo~ dpy)
B+ ppy = pq = = uq
dz dz
~—_———
d(py)/dw

Integration of the above equation yields the following solution of Equation (8.15) on the

previous page:
1
y = —(/uqderC)
I

In the above equation, c is the constant of integration, and u is called the integrating factor,
which is given by Equation (8.16) above.

8.13.2 Simultaneous First Order Equations

Consider the set of simultaneous first order linear equations

d

% = Pu@)y + Pr2(x)y2 + - + Pin(2)yn + 1 (2)
dyg o P X .
e o1(x)yr + Poa(x)ya + - - + Pay(2)yn + g2()
dy.,

o = Pr@yt Paa(@)ya + -+ Pan(@)yn + gn (@)

where P;;s and ¢;s are continuous functions of x. The above equations can be expressed as
the matrix equation,

dy
dz

The solution of the above equation stems from that of the corresponding homogenous
equation, i.e., Equation (8.17) with q = 0.

= P(2)y +q(2) (8.17)

Solution of Homogenous Equation

Consider the homogenous equation

Y Py

ir (8.18)
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Given a set of n independent solutions of the last equation,

yl(x)a yQ(‘r)v ey yn(‘r)
which is called the fundamental set of solutions, their linear combination
v(z) = ayi(z)+ cy(z)+ -+ cryn()

is the general solution of Equation (8.18) on the previous page where c;s are some constants.
The matrix of the fundamental set of solutions,

yi(z)  yie(z) ... ya(@)

y21(x) y22($) ce Yon (93)
V= yi(@)  ya(x) .. yel@)| =

ynl(x) Yn2 (x) S Ynn ($)

is called fundamental matrix. It is non-singular since its columns are linearly independent.
Suppose that the solution of Equation (8.18) is given by

_ T
y = Ce
where ( is a vector of constants, and r is some exponent. Then

dy
dx

Substituting the last two equations in Equation (8.18), we get

= r¢e™

r¢e™ = Ple™” = P = ¢
Thus,
(P—1I)¢ = 0 (8.19)

where r and ( are, respectively, the eigenvalue and eigenvector of P, and I is the n x n
identity matrix. For a non-zero ¢,

P—rI =0

The above equation yields the values of r for which the associated ¢ is obtained from
Equation (8.19) above. For the system of n homogenous differential equations, the number of
eigenvalues is n. When all eigenvalues (r1, ro, ..., r,,) are distinct, the fundamental solutions
are given by

Yi = Cienx; 1=1,2,...,n
Then the general solution of Equation (8.18) is given by

y = c1Ge™ G’ 4 4oy Gue™”
—— ——" ———

Y1 Y2 Yn
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where the ¢; is the eigenvector corresponding to the i" eigenvector, r;.

When some eigenvalues are complex, they appear in conjugate pairs, and the solution
is oscillatory. Sometimes, however, some eigenvalues may be identical, and need special
treatment to determine the fundamental set of solutions. For example, consider the case
when two eigenvalues have an identical value r, and only one eigenvector . Then the
corresponding solution is

yl — CeTﬂf

It can be easily verified that the solution given by

y2 = (Cz+mne™

is linearly independent of the previous solution. In the above equation, m is called a
generalized eigenvector corresponding to eigenvalue r. This eigenvector is determined from

(P—rDin = ¢
Once 7 is known, the general solution is given by

y = cage™ +c(Cr+mnle™
Y1 Y2
Generalization

If m out of n eigenvalues have an identical value r with one eigenvector ¢, and the remaining
eigenvalues are distinct then the general solution is given by

m n
y = ZQYH— Z CiYi
i=1 i=m+1
—_————

terms corresponding to
distinct eigenvalues

where the m independent solutions corresponding to r are given by

y2 = (m+¢x)e™
[ $2 rT
y3 = 772+77117+C§€
[ x? x3
Vi = 773+772x+771§+€§}6”
r 2 xm72 xmfl
Ym = _nm71+nm—2x+nm73§ +~-~+n1(m_2)! +C(m_ 1|
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For the last set of equations, ¢ and the generalized eigenvectors 7);s are obtained from
P-rI)¢ =0
(P —rD)m ¢

(P—rDmy = m

(P—rD)Nm—1 = Mm—2

For m eigenvalues that have the same value, several eigenvectors (say, {1, €2, --., (k) up
to m may be present. In that case, the above procedure is used with each ¢; to find several
7;s until m independent solutions are obtained.

Solution of Non-Homogenous Equation

We assume that the solution of the non-homogenous equation [Equation (8.17) on p. 328] is
given by

y = ¥(x)z(x) (8.20)

where ¥ is the fundamental matrix for the corresponding homogenous equation
[Equation (8.18) on p.328], and z(z) is the function that needs to be determined.
Differentiating Equation (8.20) above with respect to x, we get

d d dw

_y V) z 4+

— 4+ —z
dz dz dz

Also, the substitution of Equation (8.20) into Equation (8.17) yields

d
&Y o POziq
dz
Comparing the last two equations, and noting that ¥ is a fundamental matrix,
dw
— = PU
dx
we obtain
dz
lIl —_ =
dz 4

Since P(z) is continuous, W is non-singular so that its inverse ¥ ! exists. Therefore,
dz
dz

Integrating the above equation, we get

= \Il_lq

z = /\I’_lqu—i—c
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where c is the vector of integration constants. The last equation upon substitution in
Equation (8.20) on the previous page yields the solution of the non-homogenous equation
[Equation (8.17), p. 328], i.e.,

y = \P/\If‘lqu—i—\llc (8.21)

Initial Value Problem

In this problem,

dy
dx
where y is y at the initial value of z, i.e., 2. To obtain the solution of this problem, we select

c in Equation (8.21) above such that the integral term becomes zero at xy. This is done by
expressing that equation as

= P(@)y +q(z), yl@=z) =¥

y = \P/\I’_lqu—F\I’C (8.22)

Zo

Thus, from the above equation at the initial x, when = = z,
y = ¥(xo)c = c = \Ilfl(mo)y

Substituting the above expression of ¢ in Equation (8.22) above, we obtain

y = \IJ/\Il_lqu—l—\Il\Il_l(xo)y

Zo

which is the desired solution.
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binary systems, 74
individual species, 54
equation of motion, 55
Newtonian fluid, 75
gradient, 147
gradient of vector, 149
Laplacian, 147
scale factors, 141
unit vector derivatives, 144

Dalton’s law, 72
Derivative
accurate programming, 271
material, 322
partial, 318
substantial, 322
total, 322
Dermal heat transfer, 106
Deviation variables, 195, 196
Differential
partial, 319
total, 319
Differential change, 45, 140, 180
Differential element, 14, 15, 19, 22, 33,
49, 52, 53, 90, 94, 95, 97, 100,
104, 109, 117, 127, 134, 306
equation of change
temperature, 98, 107, 121
individual mass balance, 91, 115
mass balance
individual, 110, 111, 114
mole balance
individual, 101, 105, 125
overall, 101
momentum balance, 95, 102

non-linear flux direction, 134
neutron number balance, 118
variable volume, 114

Differential equations
autonomous, 180
for derivatives, 265, 270
non-autonomous, 180
periodic, 268, 270
computational algorithm, 269,
271
split boundaries, 263, 266

computational algorithm, 265
stiff, 247, 250
transformation

non-autonomous to autonomous,

180
with time delays, 175
Diffusion, 59
Diffusivity
binary, 59, 74, 92, 105, 110, 117,
118, 189, 190, 208, 225
multicomponent, 60, 126
Dilatant fluid, 62
Dilatational viscosity, 61
Dimensional analysis, 201, 201
Dimensionless numbers, 201-204
Dirichlet boundary condition, 131
Distributed-parameter systems, 14, 90
Divergence, 150
cylindrical coordinates, 147
orthogonal coordinates
dyad, 315
product of scalar and vector, 317
tensor, 315
spherical coordinates, 186
tensor, 139
vector, 139, 146
Cartesian coordinates, 22
vector field, 48, 49
Divergence of vector

orthogonal coordinates, 181, 184
Divergence theorem, 36, 43, 50
Dot product, 299

product rule of differentiation, 300
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second order tensor and vector, 312
two second order tensors, 313
vector and second order tensor, 312
Double dot product
second order tensor and vector, 314
vector and second order tensor, 314
two second order tensors, 313
Dyad, 311
Dyadic, 312

Eccentric reducer, 83
Eigenvalue, 329
complex, 330
Eigenvector, 329
generalized, 330
Einstein notation, see index notation
Elementary reaction, 63
Energy balance
macroscopic, 38
microscopic, 35
Equation of change
enthalpy from thermodynamics, 42,
47
macroscopic
kinetic and potential energy, 41
temperature, 44, 67, 71, 86, 89,
120
mass fraction, 24
microscopic
kinetic and potential energy, 40
kinetic energy, 40
mole fraction, 66
temperature, 42, 63, 67
mole fraction, 26
temperature, 38
Cartesian coordinates, 56
cylindrical coordinates, 56
spherical coordinates, 56
velocity, 33
Equation of continuity, 23
binary systems
Cartesian coordinates, 74
cylindrical coordinates, 74
spherical coordinates, 74

Cartesian coordinates, 54
cylindrical coordinates, 54, 157
helical coordinates, 160
individual species
Cartesian coordinates, 54
cylindrical coordinates, 54
spherical coordinates, 54
spherical coordinates, 54
Equation of motion, 32, 152
Cartesian coordinates, 55
cylindrical coordinates, 55
Newtonian fluid
Cartesian coordinates, 75
cylindrical coordinates, 75
spherical coordinates, 75
spherical coordinates, 55
Equation of state, 73
Redlich—-Kwong, 238
Soave-Redlich-Kwong, 73
Equilibrium versus steady state, 4
Euclidean norm, 297
Euler’s formulas, 327
Euler’s method
explicit, 248
implicit, 248
truncation errors, 248
Exothermic reaction, 87
Explicit Runge—Kutta methods, 242
fourth order, 244, 245
general formulation, 243
second order, 244
Extent of reaction, 64, 64, 65

Fick’s law of diffusion, 59
multicomponent system, 60
Finite difference approximation, 227
Finite difference formulas, 255
first—fourth derivative
first order, 289
second order, 290
general derivation, 284
Finite difference method, 254, 257
accuracy, 261
solution procedure, 256
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First order Taylor expansion, 18, 22, 24,
32, 34, 60, 92, 95, 98, 101, 102,
105, 107, 110, 114, 118, 121,
125, 135, 194, 198, 199, 244,
250, 255, 274, 281, 324, 324
Flow between inclined parallel plates, 93
Fluxes along non-linear directions, 127
Forward substitution, 228, 233
Fourier’s law of heat conduction, 63
Frobenius norm, 303
Function
derivative, 318
differential, 318
partial derivative, 318
partial differential, 319
total differential, 319
Function error, 199, 200
Fundamental relations, 7, 17
application, 19
basic form, 17
constitutive relation, 7
continuum assumption, 17

Gauss—Newton algorithm, 208, 208
Gaussian elimination, 229
General transport theorem, 36, 43, 53
Gradient
cylindrical coordinates, 147
of vector, 315
operator, 299
orthogonal coordinates, 181
scalar, 208
Cartesian coordinates, 24
spherical coordinates, 186
vector, 139

Heat of reaction, 67
Heavy oil recovery, 108
Helical coordinates, 157
Henry’s law, 72
Hessian, 208, 224, 283
Heun’s method, 244
Horton sphere, 119
Hydrogel tablet, 112

Ideal gas law, 73
Independent variable, 180
Index notation, 308
tensor, 310
vector, 310
Inner product, see dot product
Integrating factor, 328
Integration by parts, 327
Interpolation, 205, 210
Lagrange’s formula, 210, 213
Newton’s method, 210, 211, 212
splines, 214
cubic, 217, 218
linear, 214
quadratic, 214, 216
Inverse Laplace transform, 161, 168
Inverse problem, 13

Jacobian, 156158, 187, 208, 209, 237,
240, 250, 252, 268, 271, 282

Knudsen number, 17
Kronecker delta, 310

L’Hopital’s rule, 163, 326
Lagrange’s interpolation formula, 210,
213,213
Laplace transform, 161
an exponential function, 163
handling of time delay, 174
linear differential equation, 168,
170, 171
pulse function, 162
simultaneous differential equations,
176
sine wave, 163
unit pulse function, 162
unit step function, 162
Laplace transform properties
final value theorem, 167
initial value theorem, 167
linearity, 164
real differentiation theorem, 164
real integration theorem, 165
real translation theorem, 166
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Laplacian
cylindrical coordinates, 147
scalar, 184
spherical coordinates, 186
vector, 302

Least-squares regression
Gauss—Newton algorithm, 208, 208
generalized, 207
linear, 206
quadratic, 206

Leibniz’s rule, 115, 326

Lewis—Randall rule, 72

Linear function, 220
check, 221
general form, 221

Linear ordinary differential equations,

327
first order, 327, 328
fundamental matrix, 329
fundamental solutions, 329
homogenous, 328
initial value problem, 332
non-homogenous, 331
simultaneous, 328

Linear splines, 214

Linearization
function, 193, 199, 200
implicit numerical integration, 250
ordinary differential equation, 194,

196, 196
partial differential equation, 198

Liquid preheater, 84

Local extrapolation, 247

Lower-upper decomposition, 228, 231

Lumped-parameter systems, 80

Macroscopic mole balance, 66
Macroscopic system, 42
Mass balance
individual, 21
microscopic, 22
macroscopic
individual, 86
overall, 21

Material derivative, 322
Material position vector, 321
Matrix
addition, 304
derivative with respect to scalar, 305
diagonal, 303
identity, 303
inverse, 233, 234
lower triangular, 230, 303
multiplication by constant, 304
numerator layout, 299
operations, 304
scalar multiplication, 304
square, 303
subtraction, 304
symmetric, 303
trace, 303
transpose, 303
upper triangular, 230, 303
Method of lines, 255, 256, 259, 294
Methods
analytical, 296
numerical, 296
Metric coefficients, see scale factors
Microscopic balances, 21, 24
Midpoint method, 244
Miscellaneous transformations, 178
Mixed boundary condition, 132
Model, 3
algebraic, 6, 83, 87, 90, 239
differential, 6
differential-algebraic, 6
distributed-parameter, 6, 93, 96, 99,
103, 105, 108, 112, 116, 119,
122, 127, 129, 130, 190
linear, 6
linearized, 197, 199
lumped-parameter, 6, 82, 84, 87, 89,
197, 250, 270
non-linear, 6, 82, 87, 89, 93, 99,
103, 105, 108, 112, 116, 119,
122, 127, 129, 130, 250, 257,
266, 270
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steady state, 6, 83, 87, 90, 93, 96,
99, 103, 106, 108, 119, 122,
193, 266
unsteady state, 6, 82, 84, 87, 89, 93,
96, 99, 103, 105, 108, 112, 116,
119, 122, 127, 129, 130, 250,
257,270
Model approximation, 200
Model development cycle, 11
Model fitting, 204
least squares regression, 205
least-squares regression
linear, 206
quadratic, 206
splines, 214
cubic, 217, 218
linear, 214
quadratic, 214, 216
Model formulation, 79
Model simplification, 189, 191
linearization, 193
scaling and ordering, 190
Mole balance
individual, 24
microscopic, 24
macroscopic, 66, 82
individual, 89, 124
overall
microscopic, 25
Molecular stress tensor, 27
Momentum balance, 26
macroscopic, 31, 32, 84
microscopic
Newtonian fluid, 129
Momentum flux, 27
convective, 27
total, 28
Moving boundary
constant density, 108, 111, 122
variable density, 112, 116
Moving surfaces, 35, 37, 38, 44
Muller’s method, 279, 280
Multilinearity, 306
Multivariable Taylor series, 323

Navier—Stokes equation, 61, 153
Necessary conditions, 7, 206, 207, 223
Neumann boundary condition, 131
Neutron Diffusion, 117
Newton’s interpolation method, 210, 211,
212
Newton’s law of viscosity, 61
Cartesian coordinates, 61
Newton’s optimization method, 207, 223
algorithm, 224
Newton—Raphson method
abnormal behavior, 282
algorithm, 237
derivation, 281
multiple equations, 239
quadratic convergence, 282
shooting method, 236, 264, 270
differential equations with split
boundaries, 264, 266
periodic differential equations,
268, 270
using secant method, 268
single equation, 238
Newtonian fluids, 61
Nicotine patch, 90
No-slip condition, 95, 96, 103, 128, 130
Non-Newtonian fluids, 62
Numerator layout convention, 299
Numerical methods, 227

Operator
divergence, 139
gradient, 139, 181, 299, 302
Laplace transform, 161
Laplacian, 139
Operator inequality, 283, 305
Order of magnitude, 295
Ordinary differential equation, 19, 178,
179, 194, 248, 253, 255, 261,
263, 264, 268, 293, 294
n order, 178
linear, 327
linear, 327
linearization, 194, 196, 196
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Ordinary differential equations, 189, 241,
242-244, 250, 256, 259, 268,
294
Orthogonal coordinates, 300, 301
curl of vector, 147, 184
differential areas, 143
differential operators, 146, 180
differential volume, 143
divergence
dyad, 315
product of scalar and vector, 317
tensor, 150, 315
vector, 146, 181, 184
dot product
vector and gradient of vector, 317
double dot product
product of tensor and gradient of
vector, 317
gradient, 181
scalar, 146
vector, 148, 315
Laplacian of scalar, 147, 184
Laplacian of vector, 150
tensor
index notation, 310
vector
index notation, 310
vector representation, 143
Outer product, see cross product
Oxygen concentration in capillary, 257
Oxygen transport to tissues, 103

Parameter, 8
Partial differential equation, 8, 92, 96, 98,
102, 105, 108, 111, 112, 116,
118, 127, 241, 242, 253, 255,
256, 293
linearization, 198
Partial fractions
non-repeating roots, 169
repeating roots, 170
Partial pivoting, 229, 232, 281
Partial specific enthalpy, 42, 70
Partial specific heat capacity, 70

Periodic boundary condition, 132
Plug flow reactor, 190
Point of symmetry, 103, 104, 112, 116,
118, 130, 133,133
Polymer flow in helical extruder, 157
Process, 3
control, 5
model, 5, 6
development, 11
modeling, 6
optimization, 5
periodic, 268
simulation, 6
methods, 10
utility, 9
steady state, 4
unsteady state, 4
Process model
assumptions, 7
effect of moderation or
elimination, 11, 189
effect of moderation, or
elimination, 12
validity, 8
Process simulation, 9, 227
Product rule of differentiation
cross product, 302
dot product, 300
Property, 2
extensive, 2
intensive, 2
Property balance, 17
Pseudoplastic fluid, 62

Quadratic splines, 214, 216, 219

Ralston’s method, 244
Raoult’s law, 72
Rate of reaction, 65, 87
Rate-of-strain tensor, 61, 62
Reaction
elementary, 63
exothermic, 87
extent, 64, 65
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rate, 65, 87
rate coefficient, 66
stoichiometric coefficient, 64, 66
Reaction rate coefficient, 87
Reactions around solid reactant, 122
Rectangular coordinates, see Cartesian
coordinates
Reynolds number, 204
Reynolds transport theorem, 58
Robin boundary condition, 132
Row vector, 296, 298

Saccadic movement of eye, 128
Scalar product, see dot product
Scale factors, 140
cylindrical coordinates, 141
spherical coordinates, 186
Scaled model, 191
Scaled variables, 190, 191
Scaling and ordering, 190
Schmidt number, 204
Scientific law, 7
Secant method, 241
Second order Taylor expansion, 324, 325
Second order tensor, 307
addition, 312
dot product with vector, 312
dyad, 311
Dyadic, 312
representation, 308, 311
scalar product, 313
tensor dot product, 313
tensor product, 313
unit dyad, 311
Shaft work, 35, 36
rate, 37, 43, 86
Shear-thickening fluid, 62
Shear-thinning fluid, 62
Sherwood number, 204
Shooting Newton—Raphson method, 264,
271
Simpson’s 1/3 rule, 274, 275
composite application, 275, 275
Simpson’s 3/8 rule, 275, 275

Simulation methods
analytical, 10
numerical, 10
Spherical coordinates
divergence, 186
equation of change
temperature, 56
equation of continuity, 54
binary systems, 74
individual species, 54
equation of motion, 55
Newtonian fluid, 75
gradient, 186
Laplacian, 186
scale factors, 186
unit vector derivatives, 145
Standard deviation, 205
Standard heat of formation, 68
Standard heat of reaction, 67, 68
Standard state, 67
Steady state model, 83, 90, 93, 96, 99,
103, 106, 108, 119, 122
Steady state versus equilibrium, see
equilibrium versus steady state
Step-size control, 246
Stoichiometric coefficient, 64, 66, 68, 87
Substantial derivative, 322
Subtractive cancellation, 273, 277
Sufficient conditions, 207
Sum of the squared errors, 205, 206, 210
Surroundings, 2
System, 1
at equilibrium, 4
boundary, 2
classification, 3
closed, 3
differential system, see differential
element
distributed-parameter, 3
heterogenous, 2
homogenous, 2
isolated, 3
lumped-parameter, 3
modeling prerequisite, 14
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non-uniform, 2
open, 3
sub-systems, 14
under change, 3
uniform, 2, 14

Tapered fin, 96, 266
Taylor expansion
n" order, 322
remainder, 323
second order, 223, 324, 325
Taylor series, 322, 323
multivariable , 323
Tensor, 306
coordinate-independence, 306
multilinearity, 306
second order, 307
Thomas algorithm, 292
Time delays, 174
Total derivative, 322
Transformation
arbitrary coordinate system, 155
derivatives, 156
velocity, 155
between orthogonal coordinates, 139
deviation variables, 173
helical coordinates, 157
higher to first order derivative, 178
Laplace, 161
non-autonomous to autonomous
differential equation, 180
of independent variable, 179
scaling of variables, 178
semi-infinite to finite domain, 179
Transformation to helical coordinates

derivatives, 158
velocity, 158
Triple cross product, 302

Unit dyad, 311
Unit dyadic, 312
Unit tensor, see unit dyadic
Unit vector, 296
derivatives
cylindrical coordinates, 144
spherical coordinates, 145

Vant Hoff’s relation, 73
Variable, 8
Variance, 205
Vector, 296
addition, 297
components, 296, 297
derivative
with respect to scalar, 298
with respect to vector, 299
dot product with second order
tensor, 312
magnitude, 296
material position, 321
scalar multiplication, 298
subtraction, 297
transpose, 296
Vector product, see cross product
Velocity gradient tensor, 61
Viscosity, 61
non-Newtonian, 62
Viscosity model
Cross—WLF, 62
power law, 62
Vorticity tensor, 61



