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Preface

Since I finished my education in engineering and applied mathematics, I have been
observing that there are some subjects that are not being fully covered by textbooks,
instructors, or curriculum. The subjects and topics that looked important to me as
a curious student were omitted fully or partially from the educational program.
Topics such as dimensional analysis, continued fractions, recursive methods, Monte
Carlo methods, Ritz and Galerkin methods, applied complex methods, operational
mathematics, energy methods, and several other methods are samples of topics that
students may nearly miss in their educations. Among those topics, I wish I have
been taught “dimensional analysis” to the level that I feel I have mastered model
and prototype and nondimensionalization. I have seen that this topic is the lack of
knowledge of not only graduates, also most of engineering instructors. Continued
fraction is the other topic that has been dropped from the mathematical courses, and
there is almost nothing new in textbooks of engineering and applied mathematics.
I have learned the continued fractions from the book of Battin, An introduction to
the mathematics and methods of astrodynamics on astrodynamics and the book of
McLachlan, Theory and Application of Mathieu Functions in determining stability
chart of Mathieu equation. The potential and domain of applicability of continued
fraction method has always been a question to be answered. The continued fraction
is in connection with several other methods such as series solution, recursive
methods, and determinant methods with great advantage in approximation solution
of differential equations. This book has been developed to address the lack of
knowledge in educational programs of graduates. I covered three topics with a new
vision, “dimensional analysis,” “continued fractions,” and “approximation tools”
related to differential equations and continued fractions, plus a new method in
determining the stability chart of parametric differential equations called “energy-
rate method.” T wished to be able to cover more topics like Monte Carlo method,
but spending 3 years and around 2500 hours on this book was long enough and
the prepared materials were rich enough to be sent for publishing. The purpose
of this book is to give the required information to engineers and researchers to
become masters on dimensional analysis and some approximate methods for solving
differential equations.

ix
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Science and engineering students are usually not patient enough to wait for exact
mathematical solutions to be discovered. They are also not very well appreciating
the complicated mathematical solutions when available. Furthermore, in many cases
we are able to show that analytic solution is impossible to develop. They mostly
prefer to work with simpler mathematical solutions that are exact enough. The
simpler solutions are usually approximate solutions that are exact enough for design
and prediction of physical systems. Approximation methods are vast different
methods. A few number of approximation methods are general such as Taylor
series solution for approximation of functions or solution of differential equations.
However, majority of approximation methods are built for particular application and
are not considered general enough to be used for a large number of problems.

Dimensional analysis is the topic in the first part of the book. It is divided into
static and dynamic dimensional analysis. In static dimensional analysis, we will
cover the concepts of physical quantities, units, scales, as well as the principles
behind the method of observation, describing, and modeling natural and synthetic
phenomena. Dimension, physical quantity, homogeneity, and units are all man-
made concepts. There are no such things in nature; however, these concepts help
science and engineering students to understand nature better. We see that although
dimensional analysis does not provide a solution, it is an exact analytic method
that provides the minimum number of variables. In dynamic dimensional analysis,
we will cover the practical and engineering use of this area mainly to derive
nondimensional constitutive equations, w-groups, and the minimum number of
variables toward understanding the model—prototype investigation.

The second part of the book will cover continued fractions, which is divided
into two topics: numerical continued fractions and functional continued fractions.
In the numerical chapter, we will review the concept and method of continued
fractions, its notations, and convergent and fundamental concepts. It also covered
the history and understanding of rational, irrational, geometric, and transcendental
numbers. In the functional continued fractions, we focus on solution of differential
equations in continued fractions as well as the methods of converting a power
series into continued fraction, considering continued fractions provide much better
approximation than power series.

The third part will cover some approximation tools, in which we use the Mathieu
equation and Mathieu functions as the foundation to introduce and compare dif-
ferent methods considering that developing stability chart of parametric differential
equation is crucial to engineers and scientists. The book has been written for the
technologist, and it is not addressed in any sense to the pure mathematics, for whom
I am not qualified to write.

Maybe the most important method of treating differential equation is the
“perturbation methods.” We have not touched this topic in this book because of
two reasons. Firstly, perturbation methods is a topic that is being taught in many
universities and is not considered as a missing topic. Secondly, perturbation methods
is rich enough to be presented as an individual book.
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Level of the Book

This book has been developed from nearly two decades of research and teaching
in engineering and mathematics. It is addressed primarily to cover the missing
knowledge in the curriculum of graduate students in engineering. Hence, it is an
advanced level book that may also be used as a textbook. It provides fundamental
and advanced topics needed in computerizing some approximate methods to solve
differential equations. The whole book can be covered in one course in 14—16
weeks. Students are required to know the fundamentals of calculus, kinematics, and
dynamics, as well as acceptable knowledge in numerical methods and differential
equations.

The contents of the book have been kept at a fairly theoretical-practical level.
All concepts are deeply explained and their application emphasized, and most of the
related theories and formal proofs have been explained. The book places a strong
emphasis on the physical meaning and applications of the concepts. Topics that have
been selected are of high interest in the field. An attempt has been made to expose
students and researchers to the most important topics and applications.

Organization of the Book

The book is organized in such a way that it can be used for teaching or for
self-study. Chapter 1 contains basic information on dimensional analysis, phys-
ical quantities, and units. It also includes the main theory behind mathematical
modeling of physical phenomena. Chapter 2 develops the knowledge of modeling
engineering systems and nondimensionalization, develops m-groups, and develops
the technics of model-prototype simulation. Chapter 3 introduces a new topic and
reviews the concept and methods of numerical continued fractions with a view on
number theory. The material in this chapter are required to understand the next
chapter. Chapter 4 is about continued fractions that derive approximate solutions
of differential equations. It shows that continued fractions are better approximations
than power series. Chapter 5 not only covers the theory of Mathieu equations and its
stability chart, but it also covers several methods in deriving the transition curves and
developing the stability chart of the equation. Chapter 6 introduces a new analytic-
numerical method to find stability chart of parametric differential equations with a
focus on the Mathieu equation to compare its advantages with respect to the methods
in previous chapter.
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Method of Presentation

This book uses a “fact-reason-application” structure. The “fact” is the main subject
we introduce in each section. Then the reason is given as a “proof.” The application
of the fact is examined in some “examples.” The “examples” are a very important
part of the book as they show how to implement the “facts.” They also cover some
other facts that are needed to expand the “fact.”

Prerequisites

Since the book is written for researchers and advanced graduate level students of
engineering, the assumption is that users are familiar with matrix algebra, numerical
analysis, calculus, differential equations, as well as principles of kinematics and
dynamics. Therefore, the prerequisites are the fundamentals of kinematics, dynam-
ics, vector analysis, matrix theory, numerical methods, and differential equations.

Unit System

The system of units adopted in this book is, unless otherwise stated, the international
system of units (S7). The units of degree (deg) or radian (rad) are utilized for
variables representing angular quantities.

Symbols

» Lowercase bold letters indicate vectors. These vectors may be expressed in an
n-dimensional Euclidean space. For example:

» Uppercase bold letters indicate a dynamic vector or a dynamic matrix, such as
force and moment. For example:

F M
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¢ Lowercase letters with a hat indicate unit vectors. These vectors are not bold. For
example:

~
~> <~
= &
=
Sy
=
<
= D
<

» The length of a vector is indicated by a non-bold lowercase letter. For example:
r=r| a = |a| b = |b| s =|s|
» Capital letter B is utilized to denote a body coordinate frame. For example:
B(oxyz) B(Oxyz)  Bi(oixiyiz1)

» Capital letter G is utilized to denote a global, inertial, or fixed coordinate frame.
For example:

G G(XYZ) G(OXYZ)

* An asterisk % indicates a more advanced subject or example that is not designed
for undergraduate teaching and can be dropped in the first reading.

Melbourne, VIC, Australia Reza N. Jazar
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Part I
Dimensional Analysis

We compare two physical quantities A and B by a common characteristic, such as
length. Then we are able to say, for example, A is longer than B. Then “length”
becomes the interested mutual quantity of everything that their length is important
to us. We then make an arbitrary and universally constant length to be 1 as the
scale to be able to give a number to the length of everything else. Therefore,
the dimension of “length” is invented. Similarly, the concept of area, volume,
mass, weight, density, temperature, lightness, heat, work, displacement, speed, etc.,
appeared. However, some of these physical quantities are function of others and,
therefore, it becomes necessary to determine the fundamental and basic physical
quantities, name their dimension, and define their scales. Then ideally, we will be
able to classify, measure, and compare all physical quantities. Equations relationship
among physical quantities and employing the concept of physical dimensions gave
us the idea to introduce the concept of dimensional homogeneity of equations. This
is the story of fundamental and static dimensional analysis.

In the study of physical phenomena we work with inconstant physical quantities
and sociably too many variables. This brings the idea of defining the minimum
possible and the best variables to describe the behavior of physical phenomena.
Hence, the concepts of m numbers and nondimensionalization invented to be able
to work with the best variables and also generalize the outcomes of a problem to all
similar problems. Then the “similar problem” needed to be clarified to understand
how we call two systems to be similar. The study of similarity introduced the science
of similitude in which we develop the model and prototype to work identical on
physical phenomenon, while their sizes are different. This is the story of applied
and dynamic dimensional analysis.

The theory of static and dynamic dimensional analysis are the subjects of this
part of the book.



Chapter 1 ®
Static Dimensional Analysis Qs

Science and engineering work with physical equations and mathematical formulas.
Equations are based on proportionality, principle of superposition, and dimensional
homogeneity. Physical equations must be unit independent as nature does not have
preferred units to measure and size the physical quantities.

This chapter reviews the development of the concept of dimensions and shows
how to use them in the study of physical phenomena described by mathematical
equations. By studying this chapter you will learn why and how the concept
of physical dimensions have been invented and expanded, and the method of
expressing the relation among physical quantities by mathematical equations. The
expansion of the dimensional concept to cover the mathematical equation is the
dimensional homogeneity, of which its need and use will be covered in this chapter.

1.1 Base Quantities and Units

Engineering and physical sciences are based on experiments; experiments involve
measurements, and measurements need units for comparison. There are seven
accepted basic dimensional quantities in engineering and science: Length [L], Mass
[M], Time [T], Electric Current [/], Temperature [®], Amount of Substance [N],
Luminous [J]. They are summarized in Table 1.1.

The base quantities are assumed to be independent. They are the elements
of dimensional analysis with their dimension shown in brackets, [Dimension].
The dimension of any other physical quantity will be a multiplication of the
base dimensions. Any physical quantity whose numerical value depends on the
fundamental units is called dimensional. Any physical quantity, such as 7 =
3.14159 - - -, whose numerical value does not depend on the fundamental units
is called dimensionless. A physical quantity is dimensional if its numerical value

© Springer Science+Business Media, LLC, part of Springer Nature 2020 3
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4 1 Static Dimensional Analysis

Table 1.1 The base physical quantity in International

System of Units (S7)
Base physical quantity Name Symbol
Length Meter m
Time Second s
Mass Kilograms | kg
Electric current Ampere A
Thermodynamic temperature | Kelvin K
Amount of substance Mole mol
Luminous intensity Candela cd

depends on the utilized scale to measure them. Nondimensional quantities, however,
have values that are independent of units.

The definition of the units of the base quantities are supposed to be adapted from
unchanging properties of the universe, as explained below.

Meter The meter (m) is the length of the path traveled by light at speed ¢ in
vacuum measured in meter/second (m/ s), during a time interval of 1/299792458
of a second.

It was originally set in 1793 as 1/10000000 (one ten-millionth) of the distance
from north pole to the equator of the Earth. In 1983, physicists measured the speed
of light with a great accuracy to fix the length of the meter and make it permanent.
Hence, the meter is now defined by an unchanging property of the universe.

Second The second (s) is the duration of time taking the fixed numerical value of
the caesium C's frequency Avcy, the unperturbed ground-state hyperfine transition
frequency of the caesium 133 atom, to be 9192631770 when expressed in the unit
of Hertz [Hz] = [s7'].

The second is the duration of 9192631770 periods of the radiation corresponding
to the transition between the two hyperfine levels of the ground state of the cesium
133 atom. Second was originally defined as 1/86400 of a mean solar day. A
mean solar day is a measure of time representing the interval between consecutive
passages of the Sun across the meridian, averaged over one year, 1d = 24h =
86400 s.

Kilogram The kilogram (kg) is the unit of mass and it is equal to the fixed
numerical value of the Planck constant /4 to be 6.62607015 x 10~3* when expressed
in the unit of Joule-second J's (equal to kg m?s~!), where the meter and the second
are defined in terms of ¢ and Avcy.

This new definition of mass, applied in 2019, is equivalent to fixing the value
of Planck constant 1 = 6.62607015 x 1073*Js with a standard uncertainty of
0.000000081 x 10~34J s. The Planck constant / is equal to the energy of a quantum
of electromagnetic radiation divided by its frequency. Planck assumed that atoms
could only vibrate at certain frequencies that are whole number multiples of same
base frequency, which he called 4. In other words, atoms could vibrate at the
frequency h, or 2h, or 3k, but not a fraction of k. Therefore, atomic vibrations



1.1 Base Quantities and Units 5

and energy are quantized, according to £ = hv, where v (nu) is the frequency
in Hz. Albert Einstein (1879-1955) suggested that energy E and mass m are
related according to E = mc?, and therefore, matter releases energy in discrete
chunks, known as “quanta.” Determining exactly how much energy is in a photon
let scientists define mass in terms of Planck constant.

A consequence of the new definition of unit mass is that the kilogram is
dependent on the definitions of the second and the meter, both based on unchanging
properties of the universe.

The kilogram was originally defined as the mass of a liter (cubic decimeter) pure
water at the melting point of ice. Similarly, the gram [ g], 1/1000 of a kilogram, was
defined in 1795 as the mass of one cubic centimeter of pure water at the melting
point of ice. The kilogram [kg] manufactured as the international prototype of
platinum and iridium alloy cylinder in 1889 equals to the mass of 1dm?® of water
under atmospheric pressure and at the temperature of its maximum density, 4 °C.

Ampere The ampere [ A] is the unit of electric current. It is defined by taking
the fixed numerical value of the elementary charge e to be 1.602176634 x 10~1° C
when expressed in the unit of Coulomb [C], which is equal to Ampere-second [ A s],
where the second is defined in terms of Avcg.

In the past, ampere was defined as the constant current which, if maintained
in two straight parallel conductors of infinite length, of negligible circular cross
section, and placed 1 meter apart in vacuum, would produce between these
conductors a force equal to 2 x 10~/ newton per meter of length.

Kelvin The Kelvin [ K] is the unit of thermodynamic temperature. It is defined by
taking the fixed numerical value of the Boltzmann constant k to be 1.380649 x
10~ when expressed in the unit J K’l, which is equal to kg m? 2 K’l, where
the kilogram, meter, and second are defined in terms of 4, ¢, and Avcg.

Originally, the Kelvin was the fraction 1/273.16 of the thermodynamic tem-
perature of the triple point of water. In thermodynamics, the triple point of a
compressible substance such as water is the unique combination of temperature and
pressure at which solid phase, liquid phase, and gaseous phase can all coexist in
thermodynamic equilibrium. Figure 1.1 illustrates the PV T surface of water.

The triple point of water has been assigned a value of 273.16 K (0.01°C,
32.02 °F) and a partial vapor pressure of 611.657 Pa (6.1166 mbar, 0.0060366 atm).
At that point, it is possible to change all of the substance to vapor, water, or ice by
making arbitrarily small changes in pressure and temperature. The triple point of
water, 73 = 273.16 K, was the standard fixed-point temperature for the calibration
of thermometers. This agreement sets the size of the Kelvin as 1/273.16 of the
difference between the triple-point temperature of water and absolute zero. The
triple state of matter where ice, water, and vapor are in equilibrium is characterized
by a temperature called the triple point. The triple state is represented by a line
parallel to the PV plane with a characteristic pressure for the substance at variable
volume.
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Fig. 1.1 The PVT surface of water

Mole The mole [ mol] is the unit of amount of substance. One mole contains
exactly 6.02214076 x 10?3 elementary entities. This number is the fixed numerical
value of the Avogadro constant, N4, when expressed in the unit mol~! and is called
the Avogadro number. An elementary entity may be an atom, a molecule, an ion, an
electron, or any other particle or specified group of particles.

The mole n [ mol] in the past was the amount of substance of a system which
contains as many elementary entities as there are atoms in 0.012 kilogram of carbon
12. When the mole is used, the elementary entities must be specified and may
be atoms, molecules, ions, electrons, other particles, or specified groups of such
particles.

Candela The candela [ cd] is the unit of luminous intensity in a given direction.
It is defined by taking the fixed numerical value of the luminous efficacy of
monochromatic radiation of frequency 540 x 10'2Hz, K., to be 683 when
expressed in the unit Im W', which is equal to cdsr W', or cdsrkg™! m—2s3,
where the kilogram, meter, and second are defined in terms of 4, ¢, and Avcg.

The candela was originally defined as the luminous intensity, in a given direction,
of a source that emits monochromatic radiation of frequency 540 x 10'? Hz and that
has a radiant intensity in that direction of 1/683 watt [ W] per steradian [ sr].

Although the number of independent quantities is not necessary to be set to
seven, the optimum number of fundamental quantities is the smallest number that is
enough to express every other physical quantity. In classical physics and engineering
the seven base quantities of length, mass, time, current, temperature, amount of
substance, and luminous density are considered independent. The unit of these
seven base quantity determines the unit of any other physical quantity. To have a
common scientific language, the unit of the base quantities must remain constant
and universal. Different unit systems have been introduced and changed during
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Table 1.2 S/ naturally constant quantities used in the definition of the fundamental units

Physical quantity Symbol | Value

Unperturbed ground-state hyperfine transition frequency | Aveg | 9192631770 Hz
of the caesium 133 atom

Speed of light in vacuum c 299792458 m/ s

Planck constant h 6.62607015 x 10734 Js
Elementary charge e 1.602176634 x 10~1° C
Avogadro constant Na 6.02214076 x 102 mol !
Boltzmann constant k 1.380649 x 10~ J/K
Luminous efficacy of monochromatic radiation of Keq 6831m/ W

frequency 540 x 10'? Hz

years. There are few commonly used unit systems: M K S Mass System, M K S Force
System, CG S System, British Mass System, U SCS US Customary.

The most widely accepted unit system is the International System of Units
(SI) or MK S Mass System. The letters M K S denotes “meter,” “kilogram,” and
“second.” In the M K S Mass System, the kilogram is utilized for the unit of mass.
In this system, the unit of force is called “Newton” [ N] that is the required force to
give an acceleration of 1 m/ s? to a mass of 1kg.

Abstract physical quantity is similar to prime numbers; every number would be
either prime or a multiple of prime numbers. The unit system of the seven base
quantities determines the units of all other combined physical quantities.

The definition of the fundamental physical quantities are all based on some
invariant natural constants, effective from 2019 by the International System of Units,
the S7. Table 1.2 summarizes the natural constants used in the definition of the
fundamental units.

Example 1 Numeric equation format.

Any numeric equation for a physical quantity needs four elements: the quantity’s
name, the equality sign (=), the quantity’s magnitude, and its dimension, exactly in
this order. A person who is 1.8 meter tall, has a height, &, equals to 1.8 meter (m).
“Height” is the name, 1.8 is magnitude, “meter” is unit. This numeric equation that
assigns a value to a name is shown as:

h=18m (1.1)

Example 2 Independency of base quantities.

The independency of the seven base quantities is an assumption applicable in
classical physics and engineering. For example, we may consider that if we define
temperature as the average of kinetic energy of the molecules, then temperature
would not be an abstract independent physical quantity. The temperature then would
be defined by the units of mass, length, and time.

Example 3 Dimension indicator.
We use brackets [ ] to indicate dimensions in two ways. The following
examples show how.
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Table 1.3 S/ and USCS units

Base dimension S1 systemunit | USCS system unit
Length L Meter (m) Foot ( ft)

Time T Second ('s) Second ('s)
Temperature © Kelvin (K) Rankine (R)

Celsius (°C) Fahrenheit ( °F)
Electric current Q, Ampere (A) Ampere (A)

Luminous intensity Candela (cd) Candle

Amount of substance | Mole (mol)

Mass M kilogram (kg) | Pound mass (1b)
Force F Newton (N) Pound force (1bf)

Velocity v is measured in meters per second, m/s. The dimension of meter is
Length [L], and dimension of second is Time [T]. Therefore, dimension of v is
LT~

[v]=LT! (1.2)

Force F' is measured in Newton, N. Force is equal to mass m times acceleration
a, F = ma. Mass m is measured in kg. Acceleration a is measured in meters
per second per second. The dimension of kilogram is [M], and dimension of
acceleration is [ LT ~2]. Therefore, dimension of F is MLT ~2.

[F]l=MLT? (1.3)

If z is a classical mechanic quantity, then dimension of z will be equivalent to
[z], and it will be [M*LAT7 ].

[zl = MYLPTY  «,B,y €N (1.4)
The dimensions M, L, T, - - - mean the same with or without brackets.
MOLPTY .. = [M*LPTY -] (1.5)

Example 4 USCS US Customary System.

Although the ST system is the most widely used system of units in the world
today, the USCS system is one of the several popular engineering systems still in
use in the USA. In scientific community, the S/ is the dominant unit system, and
only a few technical journals accept papers using the U SC S system. However, the
USCS system is still popular and in use by American people. Table 1.3 indicates
S1 and U SC S base units.

The greatest difficulty in USCS system, for people who are used to S7 system,
arises from the units for mass and force. The unit of mass is the pound-mass (1b)
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or (Ibm), and unit of force the pound-force (1bf). Using Newton’s second law, we

have:
F ([ 1bf.s?
_ 1.6

ma ( Ib- ft ) (1.6)

which does not equal unity unless we redefine a 1bf or a 1b, whichever is considered
a secondary unit. Consequently, we must modify Newton’s second law whenever
we use the USC S system as

Fg Ibf - 2
s _ 1.7
ma g( b - ft) (4D
where
Ib - ft
: 1.8
g(lbf~ 52> (18

Mass can be either an inertial or a gravitational mass. If mass is gravitational, then
a force of one 1bf will accelerate a mass of one 1b at the rate of a = 32.174 ft/ s2.

Then
— 37 2 (1.9)
872 ot - @2 ‘

and the Newton’s law for the U SC S system becomes

ma ma
F=—= (1.10)
g 32.174

where m must be expressed in 1b and the acceleration in ft/ s* so that the units of
force will be 1bf.

Example 5 Y Metric Systems.

There are more than one metric system. Some variants of metric systems
appeared to address the needs for different applications. The CG S System, MK S
Force System, M K S Mass System are the most common variants.

CGS System CGS stands for centimeter, gram, second to indicate the units of
length, mass, and time. The CG S system is one of the earliest metric systems. The
unit of force in CGS is the dyne, which is defined as the necessary force to give
1 cm/ s? acceleration to a body of 1 gram mass. The CG S system was developed in
the 1860s and found acceptable among the scientific communities. The CG S system
is still in use but its base units are too small for everyday industrial application. The
electrical and magnetic units were not defined in this system originally.
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MKS Force System MKS stands for meter, kilogram, second to indicate the
fundamental units of length, mass, and time. Here kilogram is the unit of force.
As a consequence, the mass has a derived dimension, which by Newton’s second
law, the dimension of mass is:

kg kg 52

(1.11)

mass = 5 =
m/s m

The force dimension of kilogram in M K S is sometimes written as kg f (kilogram-
force) to distinguish it from the mass unit kg in S7. A feature of the M K S system
is that mass has no named unit; hence, mass in M K S can only be described by its
dimension. The M K S system has been widely used in engineering in non-English-
speaking countries, mainly in Europe, and is still in use in many areas.

MTS System MTS stands for meter, tonne, second to indicate the fundamental
units of length, mass, and time. M T S system was developed in France for industrial
use. It found application in France and the U SSR between 1933 and 1955, but is no
longer common (Treese 2018).

Example 6 ¥ Astronomical measurement system.

According to Newton’s gravitational law there is an attraction force F between
two masses m and m> that is inversely proportional to the square of the distance r
between the masses. The proportionality ratio is called the gravitational constant G.

mims3
F=G— (1.12)
r
In MK S system, the value of the gravitational constant G is:
m3
G = 6.67408 x 107! (1.13)
kg s2

Let us make an astronomical units system in which G = 1. Assume the unit of
length is kilometer and the unit of time is second. The unit of mass in astronomical
unit system is called asm. Employing G = 1, we have

B nf m Y\ _1; {0.0013 km?
G = 6.67408 x 10 —— ) = 6.67408 x 10 —
kgs x asms
6.67408 x 10720 [ km?
= =1 (1.14)
X asm S2
x = 6.67408 x 10~2° (1.15)

and therefore, we find the scale of astronomical mass unit, asm, in terms of kg.
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1kg = 6.67408 x 10720 asm (1.16)
1asm = 1.4983 x 10" kg (1.17)
= 4.264 x 10' slug (1.18)

The astronomical unit of force will then be calculated by Newton equation (1.12)
formi =my=1asm,r =1km

mimy (kgm) _ 1(6.67408 X 10_20)2

F==7 " (0.0013)
=4.4543 x 1072 asf (1.19)
Therefore,
IN =4.4543 x 107! asf (1.20)
lasf =2.245 x 10°°N (1.21)

Example 7 ¥ Force and mass unit systems.

There is no need to have two different unit systems to accept mass as a base
unit in the Mass System and consider force as a base unit in the Force System. To
overcome this problem, some scientists suggested to have a unit system in which
both mass and force to be fundamental dimension. In such unit system, the Newton
equation of motion will be written as:

F =kma (1.22)

The factor k has the dimension [k] = FT2M~1L~!.
Although such a proposal is correct mathematically, it does not solve many
problems and provides no simplicity.

Example 8 ¥ Length.

The range, accuracy, scale of all measurement units have improved over time
along with technology needs and the ability of measurement. Better measurement
methods have enabled more accurate measurements and have enabled us to measure
smaller and larger things. Measurement of length was the first dimension needed.
The U S Customary common units of lengths are examples of different scales and
their development due to needs and measurement methods. Starting with a base unit,
every other unit is usually named as a multiple or fraction of the base unit. However,
the multiple or fraction is not always a nice whole number, and also they are not
consistent. The U S Customary unit systems of lengths are indicated in Table 1.4
(Treese 2018).

Length scales in the past were usually based on parts of the human body. This
gave us the units of foot, inch, or cubit (forearm) length. The absolute values of these
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Table 1.4 US customary length units

Unit name | Scale

mil Smallest length unit
line 83.33 mils

inch 12 lines, 1000 mils
hand 4 inches

span 9 inches

foot 12 inches

yard 3 feet

bolt 40 yards

fathom 2 yards

link 33/50 foot ~ 2/3 foot
rod 25 links

chain 4 rods

furlong 10 chains

mile 80 chains = 8 furlongs = 1760 yards
league 3 miles

cable 120 fathoms

measurements vary for different people. The ability to consistently and accurately
measure such units was poor. Therefore, at some points in history, people began
using tools to get consistent measurements. A stick with an acceptable standard
length or a string with knots at standard lengths might be used. This evolution ended
up to the definition of meter and decimal fractions accepted universally (Table 1.4).

It is good to read about the background of a few of mostly British-American old
length units.

Inch: originally defined as the width of a man’s thumb at the base of the nail in
year 1150. Later on in the early fourteenth century, it was redefined as the length
of 3 grains of barley, dry and round, placed end to end lengthwise. The old English
term “ince’, or “ynce,” from the Latin “uncia” for the “inch” meant 1/12. Since
1959 the inch has been defined officially as 2.54 cm.

Foot: originally, this was the length of a man’s foot. The Romans brought the
division of the foot into 12 inches. At some points, the present absolute value of a
foot was developed. This was a Roman unit called a pes or pes pedis. Foot has been
used exclusively in English-speaking countries. Foot still is being used in the U S A
for length and Square Foot in most English-speaking and some other countries for
home floor area. Since 1959 the foot has been defined officially as 30.48 cm.

Cubit: it was defined as the length of the forearm to the tip of the middle finger
of an average man, this is one of the oldest units. Historically, the actual value of
a cubit varied through civilizations from 17 to 21 inches. In ancient Egypt, a cubit
was the distance from the elbow to the fingertips. Today a cubit is about 18 inches.
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Pace: it was two steps of a man when marching, about 5 feet. The Roman term
was passus. The Roman soldiers marched in paces, which were the length of a
double step, 1000 paces were a mile.

Mile: it was defined as 1000 paces by the Romans. This has been changed over
the years and varied by location. Mile as an English unit of length is equal to 5280
feet, or 1760 yards, and set as exactly 1609.344 meters since 1959.

Example 9 % The kilogram and weight units.

Among the base units of the International System, the unit of mass is the only
one whose name, for historical reasons, contains a prefix. Names and symbols for
decimal multiples and submultiples of the unit of mass are formed by attaching
prefix names to the unit name “gram” and prefix symbols to the unit symbol “g.”
10~®kg = 1 mg (1 milligram) but not 14 kg (1 microkilogram).

Weight measurement and its unit has a long and rich history of evolution. There
are numerous units of weight all around the world. It is good to read about the
background of a few of mostly British-American old weight units.

Grain: it was the weight of a wheat seed. This weight definition can be traced
back through the Byzantine, Roman, Greek, and Mesopotamia.

Shekel: it is defined as 20 grains today. This measurement also goes back to
Mesopotamia. The name comes from the Latin: scrupus, meaning something small.

Dram: it refers to the weight of a Greek drachma coin. It is about 1/16th ounce.

Ounce: the words ounce and inch have the same origin as 1/12 of something.
However, an ounce is 1/16th of a pound today.

Pound: this is a basic measurement unit that is equal to 7000 grains or 5250
grains in different old systems.

Ton: ton was the weight of liquid in a large container. The term derives from
tunne, which was used in the Scandinavian and Germanic areas. The actual weight
represented by a tunne might vary considerably with commodity. Today a metric ton
is 1000 kg.

It seems that Persians had the most official standard system of weights and
measures in the ancient Persian Empire under the Achaemenid dynasty (550-
350BC). The Persian standard of measurement was fixed and enforced throughout
the Achaemenid Empire by Darius the Great (522-486BC) around 515BC. Persian
measurement system is a key for understanding the ancient systems of measure-
ments as a part of a sexagesimal table (Table 1.5). Their weight scales are shown in
Table 1.5 (Bivar 1985; Wikipedia 2019).

Example 10 Metric S system history.

The name S/ is an abbreviated acronym from the French Le Systeme Inter-
national d’Unités. In English it is called International System of Units. SI was
officially adopted at the 11th General Conference of Weights and Measures in 1960.
Although metric dimensions were made legal and widely being used since 1866 in
several countries.

In the sixteenth century, the application of a base 10 system for measurement
and its usefulness along with non-decimal systems were common in Asia but not
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Table 1.5 Sexagesimal units

Unit Equivalent Value
halluru |- 0.21 grams
danake | 8 halluru 1.39 grams
ZWZ 3 danake 4.25 grams
shekel |2 zwz, 3 danake | 8.40 grams
karsha | 10 shekel 84 grams
mina 60 shekel 540 grams
talent | 60 mina 30240 grams

in Europe. Flemish mathematician Simon Stevin (1548-1620) in 1586 proposed
to create a logical, coherent, and cohesive unit system for decimal weights and
measures. In 1668, John Wilkins (1614-1672), the Secretary of the Royal Society of
London, proposed the use of the decimal system for length, area, volume, and mass.
He proposed the unit of length to be based on the distance traveled by a pendulum
with a frequency of one stroke per minute. The good fact was that such a measure
could be duplicated anywhere on earth. In 1670, Gabriel Mouton (1618-1694), a
French abbot and scientist, and Gottfried Leibniz (1646-1716), a German scientist,
proposed decimal measurement systems to have the length scale on a fraction of
the length of one of the earth’s meridians. In 1791 a Commission of Measures was
established in France to adopt a new set of measurements based on unchanging
natural phenomena with consistent method. The Commission presented a proposal
for a decimal-based system to the French national assembly. The base-10 system
and base-12 system have been under discussion and argument for a while until the
base-10 supporters prevailed.

Interestingly, one of the metric units suggested by the French Commission of
Measures was decimal time, implemented by France in 1793. In the suggested
decimal time system, a day was divided into 10 hours, each having 100 min and
each minute having 100 s. However, the decimal time was not well-accepted and
eventually forgotten.

The metric system in France was initially enacted in 1795 and officially adopted
in 1799 and became mandatory throughout the country in 1800. The population at
large, however, did not necessarily observe this decree at the beginning.

The original units of measurement in the initial metric system were: Length:
meter, 1/10000000 of the length of the earth’s meridian from the North Pole to the
equator through Dunkirk, France, and Barcelona, Spain. Land Area: are, equal to
100 square meters. Volume of Solids: stére, equal to one cubic meter. Volume of
Liquids: liter, equal to one cubic decimeter. Mass: gramme, 1/1000 of a kilogram,
derived from a kilogramme, which originally was called a “grave.”

Example 11 Other base physical quantities.

There is nothing magical about primary dimensions of length, mass, time, electric
current, temperature, amount of substance, and luminous. Their selection is based
entirely on practical grounds and experiments. Also, the seven dimensions used in
physics are not enough to cover the subjects of other branches of science such as
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geography, social science, etc. Other dimensions are necessary to be introduced
in non-physical sciences. Economy, geography, social sciences are frequently
concerned with costs and prices that make it necessary to introduce additional
dimension as money or value, indicated by $. Another measure used in Biology
is population P, which will be treated here as a separate dimension (Stahl 1961,
1962). Information ¥ may be another measure that is being used as independent
variable in equations.

Employing the new base quantities of value $, population P, and information
Y, we may introduce other combined variables and find their dimensions such as:
population density [PL~2], land price [$L 2], income [$T~!], average society
information [Y P~!], transport per person [$L~!Y 1], etc. (Haynes 1975).

Example 12 Dimensionless quantity.

Dimensionless quantity is a quantity which does not change under a similarity
transformation. They are always the ratio of two proportional quantities of the same
dimension.

The ratio of

c a’ —b?
e=—=—— O<e<l1 (1.23)
a a

is called the eccentricity of an ellipse and it is a dimensionless quantity as it will not
change when all its sizes are increased k times:

ke ¢

— = (1.24)

ka a
The eccentricity of an ellipse characterizes its shape but not its sizes. Several ellipses
that are depicted in Fig. 1.2 all have the fixed length 2a of their major axes, whereas
their eccentricity e varies, ¢ = ea and b = av/'1 — ¢2. This enables us to see how
the eccentricity affects the form of the ellipse: the focuses are drawn together and
the minor axis tends to the major one in its length as e decreases.

Passing to the limit as e — 0 we have ¢ = 0, ¢ = 0, and b = a, when we obtain

a circle. Consequently, the circle may be regarded as a singular (limiting) case of
an ellipse whose focuses merge and coincide with the center of the circle; in this
case, the eccentricity is equal to zero. On the contrary, if e approaches 1, the ellipse
becomes more and more elongated and it degenerates into a straight line segment in
the limiting process (MySkis 1972).

Example 13 Maxwell introduced the dimensional symbols.

Clerk Maxwell (1831-1879) used symbols of [F], [M], [L], [T], [#] to denote
force, mass, length, time, and temperature, respectively (Maxwell 1871, 1894).
Maxwell formed any physical quantity as product of these quantities and called
the exponent of each of them as their dimensions.
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Y
=

Fig. 1.2 Several ellipses with fixed length 2a of their major axes and different eccentricity e

In Maxwell’s word: the whole heat conducted during time ¢ in a plate is

_ abtk
T

Q

(I — 1) (1.25)

where ab is the area and c the thickness of the plate, ¢ is the time, 77 — T»
the difference of temperature which causes the flow, and k the specific thermal
conductivity of the substance of the plate. It appears, therefore, that the heat
conducted is directly proportional to the area of the plate, to the time, to the
difference of temperature, to the conductivity, and inversely proportional to the
thickness of the plate. From the equation we find

_ cQ
k=— T (1.26)

Hence if [L] be the unit of length, [T'] the unit of time, [Q] the unit of heat, and
[6] the unit of temperature, the dimension of k will be [QL™!T~16~!] (Maxwell
1894).

For a few decades around 1900, scientists always added notes about dimensional
analysis in most of their writings. Carlslaw (1921) wrote a book on heat conduction
in solids in 1906 for the first edition and discussed the dimensions of the same
phenomenon as Maxwell. Consider a solid cylindrical bar of a length d that its
two ends are at temperatures 71 and 7, where 77 > T>. When the steady state of
temperature has been reached, the quantity Q of heat which flows up through the
bar after ¢ seconds over the surface A is equal to:

T, — T
d

0=k At (1.27)
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where k is at the thermal conductivity of the solid bar material. Strictly speaking,
the conductivity k is not constant for the same material, but depends upon the
temperature.

k=ko(l+aT) (1.28)
Since
__ 9d

the dimension of the heat conductivity k& will be
k]=oL'T 197! (1.30)
and the dimension of coefficient @ would be:
[a] = [k 9—1] = [QL_IT_IO_z] (1.31)

On the CG S system the unit of heat is the Calorie, the heat quantity which will raise
the temperature of 1 gram of water by 1 °C.

Example 14 ¥ Time.

We can measure time physically, in one way only, by counting repeated motions.
Apart from physical pulsations we have no natural measure of time. In particular the
operation of the astronomical Law of Periodicity supplies us with the principal time
units. The primary periodic movements to which we owe our knowledge of time are
the two movements of the earth; (1) the rotation of the earth on its axis, which gives
us day and night, (2) the revolution of the earth round the sun, which gives us the
year and the seasons. A third important periodic motion is (3) the revolution of the
moon round the earth, which gives us the month (Philip 1921).

The flow of time seems to be without beginning or end; however, it is cut up
periodically by several natural phenomena, namely alternative occurrence of day-
light and night, reoccurrence of the moon’s phase, reoccurrence of seasons. The day
being the smallest unit is usually taken as the fundamental unit of time and the length
of months, seasons, and years is expressed in terms of the day. But due to sunrise and
sunset in different seasons, the length of the day is not constant. Therefore, gradually
we came up to define a day from midnight to midnight, and then came the idea to
the mean solar day as the average interval between two successive passages of the
sun over the meridian of a fixed place. The astronomers also defined the sidereal
day as the period between two successive transits of a fixed star.

The apparent solar time undergoes variations, due to the axial tilt of the Earth
as is shown in Fig. 1.3, and the eccentricity of the Earth’s orbit. The measurement
and scale of time are not supposed to be subject to the variations of the Earth’s
orbit. As a result, the mean solar time was introduced based on the assumption that
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Ecliptic plane Equatorial plane

Fig. 1.3 Axial tilt of the Earth

Earth moves uniformly with a constant rate. The rotation of the Earth with respect
to the Sun is called Universal Time (UT). It was known that the diurnal rotation
with respect to the stars was different from that with respect to the Sun. Hence, a
Sidereal time is defined by a measure of the rotation of the Earth with respect to the
stars, rather than the Sun.

Scientists discovered that irregularities of the motions of the inner planets and
the Moon make the irregularity of the rotation of the Earth (de Sitter 1927; Spencer
1939). Therefore, it was recognized that mean solar time does not satisfy the need
for a uniform time scale, and suggested a time scale based on physical laws such as
the Newtonian laws of planetary motion (Danjon 1929). Clemence (1948) proposed
a uniform fundamental standard time. The proposal was in the tropical year of
1900.0, the period of one complete revolution of the longitude of the Sun with
respect to the dynamical equinox, to be the basis for the definition of Ephemeris
Time. This proposal was adopted by the International Astronomical Union (I AU)
in 1952 and recognized as Ephemeris Time (ET'). The second as the unit of time was
defined as a fraction of 1/86400 of the mean solar day until 1960. Then, the second
was defined in the International System (S7) of units as a specific fraction of the
tropical year after the adoption of ephemeris time. Although this definition was more
accurate, it was not constant and measurable with expected accuracy. Following a
proposal by Markowitz et al. (1958), a new definition of the “second” was intro-
duced and adopted, in 1967 in terms of a cesium beam frequency which is still valid.
The second is the duration of 9192631770 periods of the radiation of the cesium 133
atom. The second is the most accurate measured unit at present, and therefore, along
with the speed of light, it is being used to define the unit of length, the meter.
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The IS0 standard also defines the calendar week number as: ordinal number
which identifies a calendar week within its calendar year according to the rule that
the first calendar week of a year is that one which includes the first Thursday of
that year and that the last calendar week of a calendar year is the week immediately
preceding the first calendar week of the next calendar year. An /.S O year begins with
the Monday between December 29 and January 4 and ends with a Sunday between
December 28 and January 3. Accordingly, a year on the /SO calendar consists of
52 or 53 weeks, making the year to be 364 or 371 days long. That is because January
1, 1 (in Gregorian calendar) was a Monday (Dershowitz and Reingold 2008).

The problem of Ephemeris Time was not being consistent with the theory of
relativity. In 1976 and then in 1991 the /AU adopted the relationships between
space-time coordinates. A Terrestrial Time (77) has been introduced as the
reference time unit of measurement so that it agrees with the S7 second on the
geoid with a great accuracy. Geocentric Coordinate Time (7 CG), Barycentric
Dynamical Time (7 DB), and Barycentric Coordinate Time (7 CB) have also
been developed to consider the four-dimensional transformation and the theory of
relativity in the definition of time unit (Kovalevsky and Seidelmann 2004; McCarthy
and Seidelmann 2009).

The special theory of relativity is based on two postulates: (1) All physical laws
and principles are expressed in the same mathematical form in any two systems that
move relative to each other with constant velocity. This means we are unable to set
any experiment to understand whether the system of reference is at rest or moving
with constant velocity. (2) The speed of light in vacuum has the same constant value
independent of the velocity of the source or the observer.

Albert Einstein (1879-1955) challenged the thought of absolute space and
absolute time concepts, the principles that Newtonian physics are based on. Einstein
showed that there is no absolute time and we must view time as a coordinate axis,
similar to the space coordinates that can be transformed. The coordinates of space
and time can be transformed between two systems of reference moving at constant
velocity relative to each other. The length and time, and mass, are then dependent on
the relative motion. The space-time transformation equations are known as Lorentz
transformations. Let us assume the observer is located in a system of reference G.
There is another coordinate frame B that moves at a constant velocity v relative to
G, and the speed of light in vacuum is c.

1. A rod resting in system B with length of /[y will have a shorter length / when
remeasured in system G.

I
| — (1.32)

2
1=(2)
2. If a time period measured in system B is At, then the observer in system G will

measure the longer time At¢,

Al
At = ——0 (1.33)
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3. An object with mass m, at rest in system B, has the larger mass m in system G.

m= "0 (1.34)

1= ()

As an example let us assume that a spaceship is launched from a planet P at the
beginning of the planet’s calendar year of 2020. The spaceship will be traveling at
99.99% of the speed of light for 3 years by the ship’s clock. The 3 years in spaceship
clock will be 212.1 years in the planet clock, because

3
~212.1 (1.35)

1— (0.9999c>2

C

indicating year 2232.

Example 15 Y Einstein’s energy—mass relation.
The Einstein equation states that an object’s total energy is the product of its mass
and the square of the speed of light.

E = mc? (1.36)

As an example the energy radiated every second by the Sun is E =360 x 10 /s
and the speed of light is ¢ ~ 300 x 10°m/s. The relation E = mc? indicates that
the Sun is losing 4 million ton of mass per second.

360 x 1024
= X 45 10%ke/ s (1.37)

(300 x 109)*
If an object with the mass my is accelerated to the velocity v, its mass will be m and
then it has been provided with the kinetic energy Ey,

Er=mc* —moc> =mo | —— — 1| ¢ (1.38)

This relativistic expression for kinetic energy can be rewritten for very small values
of v/c as:

1 2 5 v\2
Er >~ mg —2—1 c“ >~ myc 1—(;) -1
1=(2)
1 /v\2 1
2 2
~ 1 —(—)—1 ~ 1.39
moc [ +2 . :| 2mov ( )

which is the classic formula for kinetic energy.
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Table 1.6 Dimensions of derived quantities based on the base dimensions of L, T, M, ®

Category Physical quantity Common symbol Dimensions
Geometry Area A L?
Volume \% L3
Second area moment 1,J L4
Kinematics Velocity V,v,u,c LT !
Acceleration a LT?
Jerk j LT3
Angle o, 0,9 1
Angular velocity w !
Frequency fio T-!
Quantity of flow 0 L37!
Mass flow rate m MT!
Dynamics Force F MLT™?
Moment, Torque M, T, Q ML2T—2
Energy, Work, Heat E, W, H ML2T?
Power P ML>T—3
Pressure, Stress p,o,T ML-T-2
Strain e 1
Thermofluids Density P ML3
Viscosity uw MLIT-!
Kinematic viscosity v, n L7
Surface tension o MT2
Thermal conductivity k MLT30~!
Specific heat Cpy € L’T 29!
Bulk modulus K ML™'T2

Example 16 Dimensions of derived quantities.

Having identified the base dimensions in physics and engineering, we are able to
express all other dimensions of all quantities involved in physical sciences in terms
of the base dimensions. Dimensions of most common derived engineering quantities
are given in Table 1.6 for future reference.

Example 17 Prefixes used with S7 units.
There are a set of prefixes in S/ to name large and small fractions of standard
units. Table 1.7 shows them for future use.

Example 18 Y Temperature.

Choosing a base unit for temperature is complicated because we can only
measure an effect of temperature rather than temperature itself. For example,
materials expand when heated, so we may measure temperature by measuring
the expansion of a substance such as the height of a column of mercury. We
may take a column of mercury, mark its height at the ice—water mixture and
label it 0, and then mark its height in boiling water and label it 100, and evenly
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Table 1.7 Prefixes using with S/ units

Scientific
Prefix | Symbol | Meaning notation
exa |E 1 000 000 000 000 000 000 | 10'8
peta | P 1 000 000 000 000 000 100
tera T 1 000 000 000 000 1012
giga |G 1 000 000 000 10°
mega | M 1 000 000 100
kilo |k 1 000 103
hecto | A 100 102
deka |da 10 10!
- — 1 10°
deci |d 0.1 107!
centi |c 0.01 1072
milli | m 0.001 103
micro | p 0.000 001 10-©
nano | n 0.000 000 001 1077
pico | p 0.000 000 000 001 1012
femto | f 0.000 000 000 000 001 10715
atto  |a 0.000 000 000 000 000 001 | 10~ 18

divide the distance between these two marks into units of measurement called
centigrade. Such scale has two problems: First it gets affected by air pressure and
indicates different temperatures by pressure fluctuation. Second, the material in use
might have different expansion rate at different temperatures. So, one centigrade
temperature change at 20 °C may need different amount of energy compared to one
centigrade temperature change at 30 °C.

To solve the first problem, the S7 convention for temperature has been set based
on the observation that water, ice, and water vapor can coexist in equilibrium at only
one set of temperature and pressure called triple point of water. By international
agreement in 1967, the triple point of water is taken to be at a temperature of
273.15K at the corresponding pressure 611.2 Pa. In this standard temperature O is
the absolute zero at which molecules are at the absolute minimum kinetic energy
allowed by quantum mechanics. Based on this scale, the freezing temperature of
pure water at sea level will happen at 273.15K and boils at 373.15 K. Figure 1.1
illustrates the equilibrium and the triple point diagram of water.

When writing temperatures in the Kelvin scale, it is the convention to omit the
degree symbol and merely use the letter K. The temperature scale is named after the
British mathematician and physicist William Thomson Kelvin (1824-1907), who
proposed the absolute zero temperature in 1848.
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Example 19 YModern unit systems.

Since the need of having standard unit systems for national and international
trading appeared, many different unit systems have been introduced in different
parts of the world each applied for a period of time. We may name The International
System of Units (S1), MTS, MKpS, MKSA, CGS, esu, emu, Gauss, Inter-
national Electrical Units (I EUS), Atomic Unit (AU), British Imperial Units, US
Customary Units of Length, Foot-pound-second (F P S), etc. There are also many
ancient measuring systems applied in the ancient civilizations and empires, namely
the old Chinese units system, Indian units system, Egyptian units system, Assyrio-
Chaldean-Persian units system, Hebrew units system, Greek units system, Roman
units system, Arabic units system, Western and Southern Europe units system,
Central and Northern Europe units system, African units system, Middle East and
Asia units system, Central and South America units system, North America units
system. Most of these units are not applied anymore; however, some of them are
still applied partially in different areas. Cardarelli (2003) collected their history,
applicability, and conversion.

Example 20 Basic units are all scalars.

All the seven basic dimensional quantities in engineering and science: Length
[L], Mass [M], Time [T], Electric Current [/], Temperature [®], Amount of
Substance [N], Luminous [J] are scalars. We do not have any basic vector quantity.
The scalar quantities are completely given when we know the kind of quantity and
how much there is of it. The scalar quantities are specified by giving (1) the unit
quantity, (2) the number of units.

The word scalar is used because these quantities can be graphically represented
to scale by lengths. Scalae is a Latin word for ladder divided into equal parts by the
rungs (Turner 1909). Therefore, if for an example we agree to represent unity by a
length of 2 cm, then the number O would be represented by a line 10 cm long, and a
line of length 21 cm would represent the number 10.5.

Example 21 YNames of large numbers.

To facilitate reading and remembering large numbers, the digits are usually
grouped into groups of three digits from the right, which are separated by comma
or blank space. For example, the number 9876543210 is written 9,876,543,210 or
9 876 543 210. Here, the three digits 210 form the first group, 543 the second group,
876 the third group, and 9 the fourth group. Each group has a place value. From
right to left, O is at units digit position, 1 at tens digit, 2 at hundreds digit, 3 at
thousands digit, and so on. The first group makes units, tens, hundreds. The second
group makes thousands, the third group millions. After the millions, the American
and British standards are different. In American, French, and Russian method, 1000
millions is 1 billion, 1000 billions is 1 trillion, 1000 trillions is 1 quadrillion, 1000
quadrillions is 1 sextillion, and so on for septillions, octillions, noillions, etc. In
British and German method, 1000 millions is 1 milliard, 1000 milliards is 1 billion.
However, the denomination above billions is 1,000,000 times of the proceeding one,
and hence, 1,000,000 billions is 1 trillion, 1,000,000 trillions is 1 quadrillion, etc.
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The modern positional system of numeration for illustration of values quantities
originated in India and it was widely used by Indians around eighth century,
although the positional numeration has been invented by Babylonians in their
sexagesimal system, around 5 thousand years ago. However, a decisive role in
the spread of Hindu numeration in the world was played by a manual written
in Arabic by Persian mathematician, Muhammad ibn Misa al-Khwarizm1 (780—
850AD). Khwarizm1’s manual was translated into Latin in Europe in the twelfth
century. In less than one century, the Hindu numeration technic became dominant in
Italy and by sixteenth century it became dominant in all Europe. Because European
took the Hindu numeration technic from Arabic manual of Khwarizmi, they call it
Arabic system, a historically incorrect name (Vygodsky 1984).

Introducing “sunia” by Indians, which means “empty position” in Sanskrit, to act
as a placeholder was an intelligent idea that made positional numeration applied.
“Sunia” translated to “sift” in Arabic, with the same meaning of “empty position.”
It was written as “ciphir” in Latin and later on in fifteenth century the term “zero”
and “null” appeared to name the empty position in numeration chain.

1.2 Dimensional Homogeneity

Principle of Dimensional homogeneity states that: all equations are dimensionally
homogenous, and are independent of the measurement unit system.

Dimensional homogeneity means: all terms of an equation must have the same
dimensions. Let y be a function of several terms Ay, A,, Az, - - -

y=A1+Ay+ A3+ (1.40)
in which every term A; is a function of several variables x1, x2, x3, - - -
Ai = fi (x1,x2,x3, ) (1.41)

then Eq. (1.40) is dimensionally homogeneous if and only if y, Ay, As, Az, -,
have the same dimensions. The symbol f; indicates a functional operator on the
independent variables x1, x2, x3, - -- to calculate the terms Ay, As, A3z, ---, and
eventually the dependent variable y.

Independency of measurement unit system means: All equations must be correct
irrelevant of the employed unit system. Let y be a function of several variables x1,
X2, X3, - -

yzf(xlaXZ»x3"") (142)
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If we change the units such that the variables xi, x3, x3, - - - take new values of y’,
X, X5, x5, - - -, then

y = f(x], x5, x5, ) (1.43)

where f is the same function as (1.42).

We assume a set of abstract independent base physical quantities that every
other physical quantity can be expressed based on them. Then, every other physical
quantity will be set as a product of the base quantities, each with an exponent.
The exponent indicates the dimension of that quantity. Dimensional homogeneity
requires the dimension of each base quantity to be equal in every term and on both
sides of a physical equation. A dimension indicates how the numerical value of a
quantity changes when the basic units of measurement change. The abstract base
physical quantities in the Newtonian mechanics are: Length [L], Time [T'], Mass
[M], Temperature [0]. A physical quantity is anything that is expressible in certain
units and completely characterized by its numerical value. Dimension of physical
quantities are all human made concepts. There is no such thing as dimension in
nature. However, these concepts help science and engineering to interpret and model
the nature.

Dimensional Analysis will not provide a solution; however, it provides the
minimum number of variables in a problem and it is an exact analytic method.

The value of any physical quantity is expressed by its numerical value and its
unit of measurement.

physical quantity = numerical value X unit (1.44)

Proof Assume there are 1000 physical equations and 100 of them are dimensionally
homogenous naturally. We separate the 100 dimensionally homogenous equations
form the rest and make two groups: dimensionally homogeneous equations, H-
group, and dimensionally nonhomogeneous equations, N-group.

There is a very useful and productive property among the equations of the
H-group. Any mathematical calculation such as derivation, substitution, etc.,
that only employs equations of the H-group to generate a new equation, will
definitely produce a homogeneous equation. To take maximum use of this important
property, we take every equation of the N-group and give a proper dimension
to its proportionality coefficient to make the equation synthetically dimensionally
homogeneous. This equation can now be put in the H-group. Having done the
homogenization on all equations of the N-group makes all the 1000 equations to
be in H-group and empty the N-group. This homogenization process will also be
done on any possible new discovered equation. Therefore, all equations that we have
in science and engineering are dimensionally homogamous.

Examples of the H-group are:

Pythagoras’ equation: When a triangle has a right angle (90°) and squares are
made on each of the three sides, then the biggest square ¢> (the square of the
hypotenuse, the side opposite the right angle) has the exact same area as the other
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two squares put together a® + b2,
A =a*+ b (1.45)
[LZ] - [Lz] n [LZ] (1.46)
If we show the dimension of length by [L], then Pythagoras’ equation is dimension-
ally homogenous.

Archimedes volume equation: The Archimedes equation for volume of a sphere
is another naturally homogenous equation.

4 3
V=g (1.47)
[L3] = [L*] (1.48)

Dimension of volume V is [L3 ] dimension of radius r is [ L], and constant numbers
are dimensionless.

Examples of the N-group are:

Planck’s equation: The energy E contained in a photon is directly proportional
to the frequency f of the photon.

E =hf (1.49)
[FL] + [T—l] (1.50)
F=MLT™? (1.51)

If E (force times distance) is given in Joules [J] and f (inverse of time) is given
in Hertz [Hz], then h = 6.626176 x 1073*. The proportionality constant 4 must
have the value of energy of a photon in J for one frequency change in Hz. This is
the smallest possible “packet” of energy in an electromagnetic wave. If we give
the Planck’s constant /4 the dimension of [E/f] = [FLT], then the Planck’s
electromagnetic quantum radiation energy becomes dimensionally homogeneous.

E=hf (1.52)
[FL] = [FLT] [T—l] (1.53)

Newton’s law of cooling: The rate of change of the temperature y of an
object is proportional to the difference between its temperature y and the ambient
temperature y,.

Y k- (1.54)
dt
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T '+£0 (1.55)

The constant k indicates the temperature rate for one unit of temperature difference.
If we give the Newton’s cooling constant k the dimension of [T‘l], then the cooling
equation becomes dimensionally homogeneous.

dy

= —k(y— 1.56

7 y — yo) (1.56)
T '=1"10 (1.57)

Let us assume that Eq. (1.42) is an equation in classical mechanics and hence
only the dimensions of [M], [L], [T] are involved. Changing the unit system will
provide us with

1 original mass unit M = kj; new mass unit M’
1 original length unit L = k; new length unit L’ (1.58)

1 original time unit 7 = k7 new time unit T’

therefore, the value of a physical quantity x; in the original unit system, and its value
in the new unit system x_ are related as

xi [MoLhTe | = xf [k Mo kL kG T ]
= x! [M/ ai 1 bi ! c,-] (1.59)

and therefore the numerical value of the variables in new and original unit systems
is related by the conversion factors kl/:,; k}zi k? s

x| = x; K KDk (1.60)
or in expansion as:
Y =y ki k kg =ky

X} =x1 K9 KD RS = kg

L= (1.61)

—_

X = K9 K0 kS = Ky
that indicates

k = k§; kb ks (1.62)
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ki = K kb RS i=1,2,--- n (1.63)
substitute them back in Eq. (1.42) will show that:
kf (x1,x2, -+, x0) = f (kixy, kaxa, -« knXp) (1.64)

If Eq. (1.64) is an identity in the variables x1, x2, - - - , kps, k1, kr, then Eq. (1.43)
fulfills both conditions of the homogeneity and unit independency.
As an example, let us consider the sphere volume equation.

4
V= gnr3 (1.65)

The volume V, for a radius r = 2m is

4
V=21 2)?=33.51m’ (1.66)

Changing the unit of length from meter to inches shows that

Im = 39.37in (1.67)
kr = 39.37 (1.68)
r[L]=r"lkr L] =r"[39.37 L] (1.69)
' [in] = kzr [m] = 39.37 r [ m] (1.70)
therefore,
V' =k V =39.373V =39.37% x 33.51 = 2.0449 x 10%in’ (1.71)

and hence the equation is unit invariant.

4
V= gnr“ (1.72)

Example 22 Simple pendulum period, an illustrative example.
Period T of small oscillations of a simple pendulum shown in Fig. 1.4 with length

of string / and tip mass m is:
l
T=2n_[— (1.73)
8

Let us assume we do not have the period equation and wish to obtain it by
considering every possible variables in the dynamics of the system, length /, mass
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Fig. 1.4 A simple pendulum with length of string / and tip mass of m

m, gravitational acceleration g. Therefore, we will be looking for an equation of the
following form:

T=fUm,g) (1.74)
or
f(T,l,m,g)=C (1.75)
where C is a dimensionless constant. The dimensional homogeneity implies that:
F(T,,mg]=[C]=1 (1.76)
Assuming
F(T.l,m,g) = f (T“lbmcgd) —C (1.77)
and applying dimensional homogeneity
[f] = TLPM¢ (LT*Z)d —c'=1 (1.78)
provides us with 3 equations for 4 unknown exponents.

a—2d=0 (1.79)
b+d=0 (1.80)
c=0 (1.81)
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Fig. 1.5 A spherical pendulum

We may pick a = 1 and find
a=1 d=— b=—= c=0 (1.82)

that indicates there is a dimensionless 7 -group.

T :Tﬁzc (1.83)
!

T = c\/j (1.84)
g

This example indicates how dimensional analysis works. In model theory when we
study a model and prototype to simulate the real system with a larger or smaller
model, we must make both systems to have the same 7.

T _ >
Vii7g  Jhg

Two simple pendulums work similarly as long as w1 = T/+/I/g are equal in the
two systems. The 7 j-number is the only dimensionless variable in linear pendulum
dynamics. This 7 |-number or 7 | -group is nondimensionalized period of the system.
This method of analysis based on balance of exponents is called Rayleigh method.

(1.85)

Example 23 A spherical pendulum equations of motion.

Figure 1.5 illustrates a spherical pendulum with mass m and length /. The angles
¢ and 6 may be used as generalized describing coordinates g1 = ¢, g» = 6 of the
kinematics of the system.
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The Cartesian coordinates of m as a function of the generalized coordinates are
7 cos ¢ siné

X
Y | =| rsinfsing (1.86)
Z —rcos6

and therefore, the kinetic energy K and potential energy P of the pendulum are:
K = %m (12é2 + 122 sin? 9) (1.87)
P = —mglcosf (1.88)
The Lagrangian function £ = K — P of this system is then equal to:
L=K-P= %m (12é2 +2p? sin20) + mgl cosd (1.89)

Therefore, every term of the Lagrangian has to have the dimension of energy [E] =
ML2T2.

[£L]=[K — P] = [%mlzéz] + [%mlzipz sin’ 9} + [mgl cos 0]
1 . 1
= H (1112 [6] + H [m][11* [¢)* [sin 6] + [m] [g] [{] [cos 6]
2 1 ? 2 1 ? 2 2
— (1) ML <?) +(HML <7) W2+ M (LT )L (1
=ML*’T >+ ML>T 2+ ML*T> = ML*T? (1.90)

Employing the Lagrange equation on this conservative system (Jazar 2011)

d (0 d
_( ,‘)_ £_o r=12 (1L91)
dt \ 9qr 9qr

leads us to the following equations of motion:
@ sin® 6 + 2¢0 sinf cos® = 0 (1.92)

é—¢2sin9cos9+§sin9=0 (1.93)
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Dimensional homogeneity check shows that

[¢ sin’ 9] + [2¢:6 sin 6 cos 6] = [§] [sin 612 + [21[¢] [6] [sin 6] [cos O]

= 1212 1 ! ! IY¢!
—(7)()4—()(?)(?)()()

=T 24T 2=T"2 (1.94)
.. S g1 . 1 LT 2
[6] = (¢ [sin 0] [cos 6] + [7] [sinf] = <ﬁ> (1) () + =— (1)

=T 2472=7"2 (1.95)

both equations of motion are dimensionally homogenous as all terms have the same
dimension.

A few facts to notice: (1) Every term of both equations of motion has dimension
of angular acceleration, 7~2. It is not necessary that all equations of motion of a
dynamic system have the same dimension as 7 2. It depends on the dimension
of the generalized coordinates. (2) Transcendental equations, in this case sin6
and cos @, are dimensionless, [sinf] = 1, [cosf@] = 1. The argument of all
transcendental equations, in this case 0, is also dimensionless [6] = 1.

Example 24 Bernoulli law of fluid dynamics.

In 1738, Daniel Bernoulli (1700-1782) discovered the law of fluid dynamics that
states: the total energy of fluid pressure, gravitational potential energy, and kinetic
energy of a moving fluid remains constant

2

v
Y e+ loc (1.96)
2 P

where v is the fluid velocity, g the acceleration due to gravity, z the elevation of a
point in the fluid, p the pressure, p the fluid density, and C is a constant. Scientists
prior to Bernoulli had understood that a moving body exchanges its kinetic energy
for potential energy when the body gains height. Bernoulli realized that, in a similar
way, a moving fluid exchanges its kinetic energy for pressure (Pickover 2008).

The Bernoulli equation has 4 terms that their dimensions must be equal.

2
[”—] + gzl + H =[C] (1.97)
2 p
2 MLT2/12
(LT_l) + (LT—2 x L) + T_g —[C] (1.98)
LT 2+ L*T >+ L’T % = [C] (1.99)

Therefore, [C] = L2172,
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Example 25 Stokes drag formula.
Consider the Stokes’ drag force F; equation for a sphere moving slowly in a
viscous fluid.

Fy = 3npDv (1.100)

The force F; has dimension of [F;] = MLT™2, the viscosity [u] = L=imr-1,
the velocity [v] = LT~!, and the diameter [D] = L. Substituting all dimensions in
the Stokes equation

MLT? = (L’IMT’I) (L) (LT") = MLT™? (1.101)

indicates a dimensionally homogeneous equation (Yarin 2012).

Example 26 Dimensional arithmetic.
The product of the dimensions of two quantities Q1, Q> is the dimension of the
product of two quantities.

[0102]1=1011[02] (1.102)

Similarly, the product of the dimensions of a set of n quantities is the dimension of
the product of the set of n quantities.

[010203---1=[01]1[02][Q3]--- (1.103)

The quotient of the dimensions of any two quantities Q1, Q3 is the dimension of
the quotient of the two quantities.

[&] o0 (1.104)
0> [Q2]

If Dy, Dy, and D3 are the dimensions of the quantities Q1, Q», and Q3,
respectively, then

D1 (D2D3) = (D1D3) D3 (1.105)

The dimension of a power of a quantity is the power of the dimension of that
quantity.

[0"] =01 (1.106)
To indicate the minor differences between dimensional analysis arithmetic rules
and the numerical arithmetic rules, we summarize them here (Bhargava 1991):

1. The dimension of the sum or difference of two functional expressions is the same
as the dimension of either of them. The two expressions must have equivalent
dimensions.
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2. The dimension of the product or quotient of two functional expressions is the
product or quotient of the dimensions of the two expressions. A dimensionless
expression has dimension of 1, the identity for dimensional multiplication.

3. The dimension of the exponent of an expression is the exponent of its dimension.

4. Any expression of dimensionless functions yields a dimensionless expression.

Example 27 Derivative and integral.
According to dimensional analysis derivative is a division and integration is
a multiplication. Dimension of dy/dx is [dy]/[dx] and dimension of [ ydx is

[ylldx].
Velocity is derivative of distance with respect to time.

dx

= — 1.107
v=— ( )

The dx is an increment of length and d is an increment of time. Therefore,

_[dx) el Lo
[v] = [d:} =N 7" LT (1.108)

Similarly, acceleration is derivative of velocity

dv (1.109)
a=— .
dt
and therefore,
dv d*x7  [dv] LT™! )
=l—|=l—|=—= =LT™ 1.110
La] [dt] [dﬂ} [dt] T ( )

To match with dimensional homogeneity we indicate the second derivative by
d*x/dr? and not d’x/d*t or dx?/dt?; similarly, the nth derivative is shown by
d"y/dx".

Example 28 Variable, parameter, constant.

Any term of an equation is made of a product of three items: variable, parameter,
constant.

A variable can take on different values. Variables usually have dimensions and
their value depends on the units system, such as speed, force, etc. If a variable
has no dimension, it is always the ratio of a variable and a quantity with the same
dimension, such as angle, friction coefficient, etc. A variable which takes on all the
numerical values or all the values lying between some limits is called continuous.
On the contrary, a variable which assumes certain separated values is called discrete.
The set of all numerical values which may be assumed by a variable is called the
range of the variable.



1.2 Dimensional Homogeneity 35

A variable x is independent from variables xi, x, - - -, x, when the value of x
cannot be determined from xi, x2, - - -, x,. For example, the variables x; = mv
and xp = m?2v? are not independent because if we know either, we know the other.
However, the variables x; = mv and x, = mv? are independent because we cannot
find x; = mv by knowing xo = mv? or vice versa. More precisely, we will say x is
independent of x1, x2, - - -, x, if x cannot be written in the form x = x{'x3? - - - x;°
for any choice of the exponents a;.

A parameter is a variable that takes on a constant value in an analysis.
Parameters usually have dimensions and their value depends on units system, such
as Young’s modulus, gravitation acceleration, etc. If a parameter has no dimension,
it is always the ratio of a parameter and a quantity with the same dimension, such as
Poisson’s ratio, friction coefficient, etc.

A constant is a number that appears as a coefficient in a term. Constants
usually have dimensions, such as speed of light, universal gravitational constant,
etc. If the value of the constant does not change by units change, the constant is
dimensionless, such as 7 = 3.1415.--, ¢ = 2.71828 - .-, etc. The dimension of
a dimensionless quantity, variable, parameter, or constant is indicated by [1]. The
value of a dimensionless constant will not change by changing the units system.

For instance, suppose the traction forces of the tires of a 4-wheel vehicle are all
equal. The traction force F of the vehicle then would be

R _
F=4c, 2% (1.111)
Rw

In this equation, the force F [LT’Z] is the dependent variable, the vehicle forward
velocity vy [LT_l] is a variable, the wheel angular velocity w [T‘l] is another
variable, the radius of the wheel R[L] is a parameter, the traction coefficient
Cy [LT‘Z] is a parameter, the number 4 is a dimensionless constant (Jazar 2017,
2019).

Szirtes (2007) argues that a physical quantity, either a variable, a parameter, or a
constant, whose dimension is [1] should not acquire the adjective “dimensionless,”
or “nondimensional” as they have dimension [1]. The argument is following the fact
that in an equation such as

y=f(x)=2+3x+x>—6x° (1.112)

the second term is not called “exponentless,” or the third term is not called
“coefficientless.”

Example 29 Dimensional consistency.
We may summarize the laws for obtaining dimensionally consistent expressions
as below (Bhargava 1991).

1. Two functional expressions may be added or subtracted only if they are dimen-
sionally equivalent. Hence, f 4 g and f — g are dimensionally equivalent if f
and g are dimensionally equivalent; [ f] = [g].
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2. Two functional expressions may be compared for equality or inequality in a
conditional expression only if their dimensions are equivalent. Hence, f = g,
f>8 f<g,f>g,f <garevalidexpressions if f and g are dimensionally
equivalent; [ f] = [g].

3. Two functional expressions may be multiplied irrespective of their dimensions.
Hence, f x g and f/g are always valid expressions regardless of the dimensions
of f and g.

4. Any functional expression may be reciprocated irrespective of its dimension.
Hence, 1/f is always valid expression regardless of the dimension of f.

5. The exponent of a functional expression must be dimensionless. Hence, f¥$ is
dimensionally consistent if only g is dimensionless; [ f8] = [ f].

6. The exponent of a functional expression can be fractional only either if each
fundamental unit in the functional expression has a power that is a multiple of the
inverse of that fraction or if the functional expression is dimensionless. Hence,
fY" n e Nis dimensionally consistent if every fundamental unit in f has a
power of kn, k € N. The expression of f¢ is dimensionally consistent if the
fundamental units of f$ have integer powers; means either g is an integer, or g
is dimensionless, or if every fundamental unit in f has a power that is a multiple
of 1/g.

Example 30 Angle dimension [A] = [LL*I] =[1].

Euclidian definition of angle is: A plane angle is the inclination to one another of
two lines in a plane which meet one another and do not lie in a straight line (Euclid
2007).

Angle is a variable in any mechanical system in which rotation is a kinematic
variable indicated as a generalized coordinate; a pendulum, for example. Angle’s
dimension is not any one of the usual dimensions [M], or [L], or [T]. It can be
considered as another independent quantity. Let us show angle’s dimension by [A],
stands for Angle. We will show that [A] = [1] is the best option for science and
engineering application.

Angle is a measure of turn, and so it is closely related to circle. Turn is with
respect to a point O as the center of the turn. To measure the turn between two
points A and B, we need to measure the turn between lines O A and O B. Therefore,
turn is the rotational distance between two rays from a center point. To make a
measurement unit of turn, we need a circle, say with unit radius, and divide the
circle into n equal radial slices, say n = 100. Therefore, a turn « is measurable as a
number k of fractional turns of a complete turn, indicated by k/n.

k
angle o = — O<k<n (1.113)
n

It shows that measuring an angle can be done by percentage, assuming a 100% angle
is a complete turn. Percentage inherently indicates a dimensionless quantity unless
we synthetically assign a dimension to it. In case a turn of more than a complete
round is of interest, then we may use percentage more than 100. Theoretically,



1.2 Dimensional Homogeneity 37

dividing a complete turn into fractions can be done by any number such as 360
(degrees), 400 (grads), etc. The necessity of percentage measurement of turns
differentiates angles with other dimensional quantities.

The angle is dimensionless not because of the definition of radian as arc length
over radius length. As another example of percentage quantities, we can mention
efficiency. Strain ¢ in elasticity is another example that is measured as change of
length Al of an unstressed original length /.

Al 1]
g=—r =2 (1.114)
lo o

As far as we know, Babylonians divided a circle into 360 parts maybe based on
the closeness of this number to the length of the year, 365 days. The 360 divisions of
a complete turn fitted well with the Babylonian sexagesimal (base 60) numeration
system. Today, one section of the 360 sections of a complete turn is called a
“degree.” The sexagesimal was later adopted by the Greeks and used by Ptolemy
in his table of musical chords. The sexagesimal numeration system survived in the
division of a circle into 360 degrees in angular measure, as well as in the division of
an hour into 60 min and a minute into 60 s (Cajori 1893, 1915, 1928-1929, Maor
1998).

Roger Cotes (1682—-1716), an English mathematician, employed the concept of
radian and introduced its usefulness (Maor 1998; Cotes 1738) although the term
radian first appeared in 1873 by James Thomson (brother of Lord Kelvin). Cotes
was the first person who clarified its use as a unit of angular measure. The radian is
a unit of angular measure defined such that one radian is the angle opened from the
center of a circle with radius R when it produces an arc with length R.

length
angle [rad] = L7818 (1.115)
radius

One radian is approximately 57.3 deg.
180deg =3.14rad =7 (1.116)

180
lIrad = — deg = 57.296 deg (1.117)
b4

The idea of measuring angles by the length of an arc was already in use by other
mathematicians before Cotes. For example, the Iranian mathematician, al-Kashi
(Jamshid Kashani 1380-1429) used diameter parts as units where one diameter part
was 1/60 radian. He also used sexagesimal subunits of the diameter part (Qurbani
1989; Nejad and Aliabadi 2015). However, the advantage of radian over other
angular units remained hidden until calculus was discovered.

The Greeks used the word potpa (moira) (means portion), which the Persian
physician and translator Hunayn (830-910) translated it to “daraja” (means scale)
(Hockey et al. 2007). “Daraja” moved to the Latin as “de gradus,” from which came
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499

the word “degré” in old French and then “degree.” The Greeks called the sixtieth part
of a degree the “pars minuta prima” (means first small part), and the sixtieth part of
the “pars minuta prima” as “pars minuta secunda” (means second small part), from
which came the words “minute” and “second” for 1/60¢h of a degree, and 1/60th
of a minute, respectively (Maor 1998; Edleston 1850).

Measuring angles using the units of radian confuses us to assume that angles
are dimensionless because radian is a ratio of variable length over a constant length.
However, this is a true fact that we also measure other physical quantities by treating
each of them as a variable over a constant unit of their dimension. Length of a line
is measured by ratio of their length over the length of a meter, time is measured as
the duration over duration of a second, etc. A unit divisor of the same dimension is a
need to make a quantity measurable. However, there is a useful difference between
angles and length in modeling and similitude. Two geometrically similar figures will
have equal corresponding angles, but they have proportional length ratio. Sedov
(1993) correctly argues that if in all unit systems, angles are to be measured in
radians, then angle could be treated as a dimensionless quantity. Following the same
method, if in all unit systems we keep the unit of length fixed, then length also could
be treated as a dimensionless quantity (Sedov 1993). Therefore, all quantities may
be assumed dimensionless. However, we invented dimensions to make the science
of modeling and similitude.

Giving a dimension, say [A], to angles has been followed, suggested, and
developed by several scientists in the past, all trying to come up with a logic
to overcome the challenges of dimensional inhomogeneity of equations such as
v[LT'] = ro[LAT™'], including angles (Romain 1962; Mohr and Phillips
2015; Morikawa and Newbold 2005; Page 196). Regardless that International
Standard Organization (ISO 1993) recognizes angles as dimensionless quantity,
there were several attempts to introduce a method that not only makes angles
dimensional, but also be able to distinguish work and energy dimensionally. All
these treatments are based on writing a physical quantity z in the form

z={z}[z] (1.118)

where z is the physical quantity, [z] is the unit of z, and {z} is the numerical value
of z expressed in the unit [z]. As an example, the kinetic energy K = %m v? will be
written as

1
{K}[K]= = {m}[m] (v} [v])* (1.119)

2
1 2
3 {m}{v}* ] (1.120)

(K} T = ={m}{v})? kgm?s™% =

N =

Radian makes formulae involving circular functions much simpler. In describing
rotational motion, a circular arc of angle 6 [rad] provides us with an arc length
displacement s:

s = RO (1.121)
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where R is the radius of the associated circle to s. If 8 is in degrees, then the
corresponding formula would be

s= " Rro (1.122)
180

The area A of a circular sector of angle 6 [ rad] is

1 2
A= SR (1.123)

If 6 is in degrees, then the area A of a circular sector would be

A="R% (1.124)

Using radians, the derivative formulas for harmonic function, such as sine, are
simpler:

d
0 sinf = cos 6 (1.125)
If 6 is in degrees, then
d
2 sino = = cosh (1.126)
do 180

Similarly, derivative of an arc-angle relation
s =rb (1.127)

provides us with a simple velocity equation.

ds do (1.128)
V=—=r—=1r .
dt dt ©
If 6 is in degrees, then
ds T db b4
V= —=—r— = —7rw (1.129)
dt 180 dtr 180
Also if 6 was in degrees, then the Euler identity would read
/180 — cos @ +isind (1.130)
and the approximation of sin6 = 6 for 6 << 1 would be
in6
lim 2% _ T (1.131)

0—0 6 180
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Example 31 Milliradians, Mil, mrad [ mrad].

One milliradian (mrad) is the angle at the center of a circle, made by an arc of
length 1 with a radius 1000. The milliradian (0.001 rad or 1 mrad) is used in military
and targeting. mrad indicates an object of 1 m at a range of 1000 m. At such small
angles, the curvature can be considered negligible. Therefore, an object of size a
seen at an angle o mrad is at a distance d = 1000a/«. If the distance d is known,
then the size a of the object is a = ad /1000. It means o mrad at 1 km is about 1 m.

A circle is divided into 2000 milliradians. Therefore, a milliradian is 1/6283
of a circle. Different associations adopted an approximated number close to the
exact each 1/6283 to simplify calculations. NAT O uses 1 mrad ~ 1/6400 of a
circle, Soviet Union and Finland use 1 mrad ~ 1/6000 of a circle, Sweden uses
1 mrad & 1/6300 of a circle.

Example 32 & m as a dimensionless constant.

A number is transcendental if it is not algebraic which means it is not the solution
of any polynomial equation with integer coefficients. Any real number is either
algebraic or transcendental but not both. A real number x is algebraic if it is the
solution to some polynomial equations with all the coefficients ag, a1, a, - - - , a, to
be integers.

ay+ax+ax>+---+ax"=0 neN (1.132)

As a few examples, 5/6 is the solution of 6x —5 = 0; /3 is the solution of x> —3 =
0;

49 370 1 7
xX=- —\3/—2 —2—v27v71 - = (1.133)
of 3 Ly V2T 7 3

is the solution of 2 + 7x2 4+ x3 = 0; and —2—;2 (al + 4 /af — 4a0a2) is the solution

ofag +aix + arx? =0.

Beginning with a unit length representing the number 1, we will be able to make
numbers 2, 3, 4, - - -, and any rational number such as 1/2,5/6,a/b, (a, b) € N, as
well as irrational lengths involving only square roots such as +/2, +/7, etc. Figure 1.6
illustrates a few rational lengths constructed by a unit length.

We will also be able to make their sum, difference, product, or quotient such as

3+4V2

7—114+v19 -7

however, no transcendental number can be made in this way.

(1.134)
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Fig. 1.6 Rational lengths constructed by a unit length

7 is the ratio of a circle’s circumference to its diameter. 7 is transcendental, and
it means 7 is not algebraic and thus not constructible. This is equivalent to: the
quadrature of the circle is impossible; means circles cannot be squared.

Let us assume that circles can be squared. Using a compass, we may construct
a circle having radius » = 1. The area A of the circle would be A = nr? = 7. If
circles are quadrable, then we would be able to draw a square with length x and area
A = x? = 7. Hence the length x = /7 would be the length of a side of the square.
Then /7 and 7 would be constructible and hence algebraic. As /7 and 7 are not
algebraic, the quadrature of the circle is impossible.

Example 33 Exponential decaying force.
Consider a point mass m that is under an exponentially decaying force

F(t) = ce™! (1.135)

where c is a constant. The Newton equation of motion is:

d
md—’; =ce! (1.136)

The velocity of the mass is found by separation of variables and integration

v t
m/ dv /ce—fdt (1.137)
L) 1)

v=uv+ < (e70—e™) (1.138)
m
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14 c=1 [N]
Position [m] m=1 [kg]

Force [N] A
0.8
Velocity [m/s]
0.6
0.4

0.2

11s]

Fig. 1.7 Position x and velocity v for force F = ce™

which by using v = dx/dt, we find the position of the mass.

X t c
dx = / +— (e —e™)) dt 1.139
/J;O ! i) <vo m (e ¢ )> ( )

x:xo—%(1+to—r)e*f0+vo (t—t0)+%e*’ (1.140)

If the initial time #( is assumed to be zero, then the position and velocity of the mass
are simplified to

C c —t

x=x90—— (1 —1t)+vot + —e (1.141)
m m

v=19+—(1—e™) (1.142)
m

Figure 1.7 illustrates the force, velocity, and position of m for

m = lkg c=1N (1.143)

Let us review this problem from a dimensional analysis viewpoint. The applied
force is

F(t) =ce™! (1.145)
As the exponential function is transcendental, it must be dimensionless. Therefore,

[F1=[c]l[e”"] = [c][1] = [c] (1.146)
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and hence, dimension of ¢ must be the same as force,
[c]=[F]=MLT? (1.147)

The exponential function is dimensionless and it must have dimensionless argument.
Therefore the coefficient 1 of 7 in the exponent of e~/ must have a dimension of 7!,

F(t) = ce ¥ (1.148)
k=1 k]=7"" (1.149)

To determine velocity Eq. (1.137) becomes

v t
m/ dv:/ ce ¥ dr (1.150)
V0 In)
— i —kty __ ,—kt
V=t (e e ) (1.151)
C _ _
[v] = [vo] + [—k] [(e ko _ ¢ ’“)] (1.152)
LT '=L7 '+ MLT™ M=LT '+LT! (1.153)
N MT-! N '

Another integration provides us with the position of the mass.

/):dx _ /t: (Uo—i—# (e—kto _efkt)) di (1.154)

X =2 —s (1+kr0—kz)e—’“0+uo(z—zo)+ — e —k o (1.155)

[x]=[xo]—[ |+ ot =)+ [ 5 | 1] (1.156)
MLT™? MLT™?

L=L-—— + LT 'T+ =L—-L+L+L (1.157)

MT2 MT—2

Substituting the known value of the coefficient k = 1 reduces Eq. (1.155) to (1.140).
Ignoring the hidden dimension of the coefficient k = 1, [k] = T~! in Eq. (1.135)
may result in equations that look to be dimensionally nonhomogeneous.

Example 34 Variable, parameter, constant in the period of a pendulum shown in
Fig. 1.4.
The Lagrangian of a simple pendulum

1,
L= Emle2 — mgl cos 6 (1.158)
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provides us with the following equation of motion:

. g .

9+7s1n9=0 (1.159)

If the maximum value of 6 is very small

1 1
N6 =6—-63+—06°+0 (97) 1.160
sin z + 30 + ( )
we may accept
sinf >~ 6 (1.161)

to have a simplified linear model of the pendulum dynamics.
. g
9+79=0 (1.162)

The general solution of this small amplitude model of pendulum is

0=C1cos\/§t+C2sin\/§t (1.163)

where C1and C, are functions of initial conditions. Assuming
00)=6y 60)=0 (1.164)
we have

Ci=6y Cr=0 (1.165)

0 =6’ocos\/§t (1.166)

The solution indicates a harmonic oscillation of the pendulum with amplitude 6
and frequency w = /g/t [rad/s]. Converting [ rad/s] to [cycle/s] = [ Hz]

and therefore,

w[rad/s] = 27 f [Hz] (1.167)

the period of oscillation T [T'] of the pendulum with length / [L] would be

[l
T=2n_|— (1.168)
8
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where g [LT_Z] is the gravitational acceleration. The coefficient 27 = 6.2832 is a
dimensionless constant as its value will not change by changing the unit system.

Example 35 Newton equation of motion and force.

In Newton’s Principia Mathematica we read the following definitions (Chan-
drasekhar 1995):

Mass m: “The quantity of matter is the measure of the same arising from its
density and bulk conjointly.”” That means Mass m is the amount of material in a
body.

The mass of an object is assumed to be constant as the mass of an object never
seems to change. As Feynman says: “A spinning top has the same weight as a still
one. So a ‘law’ was invented: mass is constant, independent of speed. That “law” is
later found to be incorrect. Mass is found to increase with velocity, but noticeable
increases require velocities near that of light” (Feynman et al. 2010).

Momentum p: “The quantity of motion is the measure of the same, arising from
the velocity and quantity of matter conjointly.” That means momentum of a body is
equal to the mass of the body times its velocity.

quantity of motion = mass X velocity (1.169)

p=mv (1.170)

Force F': “A force is an action exerted upon a mass, in order to change its state,
either of rest, or of uniform motion in a right line. The quantity of a force is the
measure of the same, proportional to the motion which it generates in a given time.”
That means Force is the reason of change of momentum.

Newton’s second law: “The change of motion is proportional to the force
impressed and is made in the direction of the right line in which that force is
impressed.” This law is the equation of motion that states the time rate of momentum
is proportional to the applied force.

d (mv) dv 5
F x =m— =ma [F]=MLT (1.171)
dt dt

Assuming the velocity is already defined as change of position in a given time.

_dx

=— [v]= LT (1.172)

v
It is the Newton’s second law that defines the dimension of force F as [F] =
MLT—2

Newton gravitational equation: The attraction force between two masses m| and
my is proportional to m| and m> and inversely proportional to the square of the
distance r between m and m,.

mima

(1.173)
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MLT™% # M*L™? (1.174)

Newton gravitational law is an equation of the N-group, as the dimension of both
sides is not the same. A constant of proportionality G makes the proportionality to
be an equation. Giving a dimension of

[Gl=M'L3T2 (1.175)

makes the gravitational equation dimensionally homogeneous.

mimo

F=G6G—

(1.176)

r

MLT-2 — [M’1L3T’2] [M2L*2] = MLT™2 (1.177)

Time ¢: “Absolute, true and mathematical time, of itself, and from its own
nature, flows equably without relation to anything external.” Newton followed
the assumption on space and time that was generated in Euclidean era and well
defined by Descartes. Newtonian world assumes that the universe goes is the
three-dimensional space of geometry, and things change in a medium called time.
Time exists and flows independently and equably without relation to anything
external. Newton’s ideas about absolute time were borrowed from Isaac Barrow,
his predecessor at Cambridge (Child 1916; Feingold 1990). As Barrow described,
quantity of motion cannot be discerned without Time. Time denotes not an actual
existence, but a certain capacity or possibility for a continuity of existence; just
as space denotes a capacity for intervening length. Time implies motion to be
measurable; without motion we could not perceive the passage of Time. Time may
be used as a measure of motion; we compare motions with one another by the use of
time as an intermediary. Time has analogies with a straight line, and therefore may
be represented by a line; as time has length alone.

Example 36 All formulas are approximate.

The laws of nature are all approximate, as the whole nature is only an approxi-
mation to the complete truth so far as we know it. For example, it is an assumption
that mass of an object is constant and independent of other base physical quantities.
The truth is that if an object moves with a speed v will have a mass m such that

m= "0 (1.178)

1= ()

where mg is the mass of the object at v = 0. When the object is moving less
than 1000 km/ s the mass may be considered constant, as it will not change more
than five in a million. Therefore, in all engineering applications constant mass
approximation is a useful practical law and the correct velocity dependent law adds
nothing but complexity. However, having a correct or more correct law must always
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be appreciated as it expands the limit of our understanding of the world (Feynman
et al. 2010).

The knowledge of engineering and science are based on experiment. Experiment
is the best judge of scientific truth of a theory, model, formula, equation, to
show they are working well or not. Experiments also help us to discover laws.
Imagination, experience, and guess are other tools to discover natural laws.

Example 37 Exact, approximate, experimental solutions.

For any problem in science, we have three types of solutions. In order of their
importance they are: exact, approximate, experimental. Langhaar (1951) indicates
the simplest answers to the question of why exact solution is much better than
experimental solution. Assume we wish to determine a function experimentally. A
function of one variable may be plotted as a single curve. A function of two variables
will be presented as a chart of a family of curves; one curve for different values of
the second variable. A function of three variables will be presented by a set of charts,
with each chart for a value of the third variable. A function of four variable needs a
set of sets of charts. Assuming 10 experiments for each curve, 100 experiments are
needed to plot a chart and 1000 for a set of charts and 10000 for a set of sets of charts
in order to present a function of four variables. This analysis is too expensive and
quickly gets out of hand. Therefore, in case exact and approximate solutions were
not available, having the minimum number of variables would be a great advantage.
Dimensional analysis will do this (Langhaar 1951).

Example 38 Y Dimensional homogeneity in early years of science.

Dimension was originally associated with geometric length, distance, and line.
In Euclidean geometry a point has dimension zero; a shape with length alone has
dimension one; an area has dimension two; a volume has dimension three. Although
there were some argument among scientists such as Plato and Aristotle on the
definition of something (a point) that exists but does not exist (Heath 1956; Euclid
2007).

Geometric dimension was the only physical quantity with clear understanding
and definition for centuries.

Euclid himself in “Definitions” of “Book I"” defines point and line as:

A point is that of which has no part.

A line is a length without breadth.

The extremities of a line are points.

A straight line is a line which lies evenly with the points on itself.

A surface is that which has length and breadth only.

The extremities of a surface are lines.

. A plane surface is a surface which lies evenly with the straight lines on itself.

NS RN~

Since thousands of years ago it was known that areas were proportional to the
product of two lines, and volumes to the product of three lines. By analogy, the
name of “square” and “cube” has been used for a* and a3 of any natural number a.
Similarly, every product of two lengths was interpreted as an area or bidimensional,
and of three lengths as volume or tridimensional (Martins 1981). The association
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between dimension and exponent remained in practice until nineteenth century
when dimension has no longer been utilized for “power,” “exponent,” “degree.”

Dimensional homogeneity in early stages of civilization appeared as Apples
will be added to Apples and Oranges to Oranges. Similarly, it is meaningless to
speak of one kilometer equaling one week; neither can these quantities be added
or subtracted. All quantities that are to be added, subtracted, or equated must be
measured in the same dimensions (Haynes 1975).

Equivalency of dimension that established by Pythagorean made it clear that
an area could only be added to an area, length to length, and volume to volume.
Therefore, any geometric equation must consist of terms representing the same kind
of things.

As we know, it was Descartes who first introduced the principle of homogeneity:
the algebraic sum of the exponents of the lengths in each term of an equation must be
a constant number. This number is the degree of dimension of the equation (Martins
1981). Fourier took the Descartes’ concept of geometric dimension and introduced
the physical dimension.

Example 39 Transcendental functions are all dimensionless.

In any physical and engineering formula involving transcendental functions, the
argument and the transcendental function are always dimensionless. In equations
such as y = sin(wt), y = exp(ax), etc., the arguments (wt), (ax) are
dimensionless resulting y to be dimensionless too. If [t] = T, then [w] = T
Similarly, [«] = [1/x] = [x]~".

Consider the dimensional homogeneity of Euler identity

e =cosx +isinx  i*=-1 (1.179)
[e’*] = [cosx] + [i] [sinx] (1.180)
(1] = [1]+ [1[1] (1.181)
indicates that the imaginary unit number, i 2 — 1, is dimensionless.
[[1=11] (1.182)

Substituting x = m provides us with an interesting equation.
T =1 (1.183)
Substituting x = 7 /2 provides us with
et =i (1.184)
(e"%)i =i (1.185)

7T =l (1.186)
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which is an even more interesting equation, showing that i’ is a real number.
i = 0.20787957635076190854695561983497877 - - - (1.187)
Squaring both sides of Eq. (1.186)
e =% = (iz)i = (1) (1.188)
provides us with expression of the Gelfond’s constant ¢ (Gelfond 1960).

¢ = (—1)" = 23.1406926328 (1.189)

Example 40 Power series approximation.
Consider a variable y to be a function of variables x1, x2, x3, - - -

y = f(x1,x2,x3,--+) (1.190)

The approximation theory in mathematics states that f can be approximated in a
power series form.

y=C (xflxé”xgl . ) +C <x?2x§2x§2 . ) +. (1.191)
where Cy, Cy, C3,--- are dimensionless constant coefficients and aj, a»,---, by,
by, -+, c1, c2, - - are dimensionless exponents. Dimensional homogeneity requires
that

ay =ay) =4az3 =---=4d
by=by=b3=---=b (1.192)
cp=cp=c3=---=¢

and therefore y can be rewritten in this form

Y= €+ G+ Gt (b ) = Cxfabag e (1193)
C=C1+C2+C3+"' (1.194)
where
[y] = [C xfxé’x§ . ] =[C] [x?] [xg] [X§] o= [T 2] [as1¢ - -

= [x1]% [x2)? [x3] - - - (1.195)
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and therefore, if the original equation is dimensionally homogeneous, then its power
series approximation is also dimensionally homogenous.

As an example, consider a function y = exp(kx)/x, where [y] =T, [x] = T,
therefore, y must be of the form:

ek])(
= o (1.196)
kix] =1 k 1 _1_ T-! (1.197)
[k1x] = [1] [1]—[] v .
il B G B U 2
=|— k=T~ 1.198
] [kzx} lox] ~ ar (1.198)
where
ky =1 (1.199)

Taylor series of y is

MR SO U B S L L BICL (1.200)
= =—F+ —Fx—F X"t —x = - .
kox xko ky 2 kya 6 ky 24 kp

and dimensional examination of its terms shows that

1] 1
— | = =T 1.201
|:xk2_ TT—2 ( )
k]I T (1.202)
ko | T2 '
LR —TT_2 =T (1.203)
2xk2 T2 '
1,k ] T3
L _ 1.204
[6x ko 72 (1.204)

Example 41 Pythagoras’ theorem ¢ = a® + b°.
Consider a right triangle as of Fig. 1.8. The area A of the right triangle ABC may
be determined by its hypotenuse ¢ and the smaller of its acute angle 6.

1 1
Ac = Ecz sinf cosf = Zcz sin 26 (1.205)
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B
C
a
0
0
C A
b
Fig. 1.8 Pythagoras’ theorem ¢? = a? + b2
Let us assume
Ac = f(c,0) (1.206)
[Ad=L" [d=L [0]=1 (1.207)
The dimensional analysis says that
Ac
T = = =g (m2) Ty =10 (1.208)
and therefore,
A. = c2g (0) (1.209)

The altitude perpendicular to the hypotenuse of the triangle divides it into two
similar right triangles with hypotenuses a and b. Similar to Eq. (1.209) we must
have

Aq = a’g () (1.210)

Ap = b*g () (1.211)

However, the sum of the area of the two smaller triangles is equal to the area of the
large triangle

A =Ag+ Ay (1.212)
and hence

A =a’+b? (1.213)
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Example 42 Navier—Stokes and continuity equations.
The Navier—Stokes and continuity equations for flows of incompressible fluids
are

ov 1 5
§+V~VV=——V[7+17V v (1.214)
0

V.v=0 (1.215)

where v is the velocity vector, p is the density of the continuum media, n is the
kinematic viscosity, and p is the pressure. The gradient operator V is derivative
with respect to spatial coordinates.

] 3 EIR
V=—i+—]+—k 1.216
Y + ayJ + 3z ( )
92 2 92
V=V +— + (1.217)

= o2 3y2 | 3z2

vy  dvy  dvy

V.v= 1.218
v ox + ay 9z ( )
vy D L (1.219)
V= —1+ — — i
ax 8y] 0z
v MSTIRCASINVCA (1.220)
vV-Vv=v,— +vy,— +v,— .
Tox Y dy ‘oz
Dimension of the involved variables is:
[v]=LT"! (1.221)
[p] = ML~ (1.222)
[n] = L?T! (1.223)
[pl=ML™'T™? (1.224)
=T (1.225)
Dimensional homogeneity check of the equations indicates that:
av 1 5
o [T Ivi= - [Vpl+nV3v (1.226)
LT +LT—1LT_l __ L ML + (LzT_l) LT (1.227)
L ML3 L L2 '
LT 2+ LT 2 =LT 2+ LT? (1.228)

Therefore the Navier—Stokes equation is dimensionally homogenous.
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Fig. 1.9 Proportionality of f (x) and y

Example 43 Proportionality and superposition.

Every law of physics is a proportionality. All physical and engineering rules
appear in a proportional relationship. If we observe a variable y depends on a
variable x, then y is proportional to a certain function of x,

y o f(x) (1.229)
ky ok f(x) keR (1.230)
where f (x) is a function to express how variation of x becomes proportional to y.

The plot of y versus f (x) is expressed by a straight line as shown in Fig. 1.9.
The proportionality coefficient c is the ratio of y and f (x).

y:c
S x)

Employing the coefficient ratio ¢, the proportionality relationship (1.229) becomes
an equation.

(1.231)

y=cf(x) (1.232)

This is how we model the nature that every natural law appears to be a proportional-
ity relationship. This is the simplest way to assume the world is governed by linear
equation, and the proportionality coefficient remains constant. The proportionality
of a natural phenomenon is always applicable for the conditions that:

1. All involved variables are in an acceptable range.
2. All other variables and parameters remain constant.
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Similarly, if a variable z depends on variables x and y, then z is proportional to a
certain function of x and y,

2o f(x,y) (1.233)
kzock f(x,y) keR (1.234)

where f (x,y) is a function to express how variation of x and y becomes
proportional to z, although the variables x and y may not appear in a linear way
in the function f (x, y).

One of the early steps of civilization was to discover relations between various
magnitudes qualitatively. Some observations such as bigger stones are heavier, or
there is a relation between the volume and the weight of a stone. An older tree is
taller, a faster runner covers a longer distance at the same time interval. Among all
these kinds of relationships, the one that says: the wider a circle is across, the longer
it is around, is more important as it is exact and helped in appearance of geometry.

If the volume of a stone is doubled, the weight is doubled; if you double
the diameter of a circle, you double its circumference. However, such a rule of
proportionality does not always work. A tree twice as old is not twice as tall. The
reason is that “the more A, the more B” does not always imply proportionality;
or in other words, not every monotonic function is linear. However, the concept of
proportionality helped human to recognize pairs of magnitude such that if one was
doubled, trebled, quadrupled, halved, or left alone, then the other would also double,
treble, quadruple, halve, or show no change. And eventually a great discovery
appeared: The greater its range of validity, the greater its significance. They found
that if one field feeds half the tribe, two fields will feed the whole tribe. No matter
how the two proportional quantities are varied, their ratio remains constant. The
proportionality ratio was expressed geometrically at first, as geometry was the first
mathematical discipline to make substantial progress.

The following well-known natural laws are illustrative.

Newton equation of motion:

F xa F =ma m = mass (1.235)

Applied force on a particle is always proportional to its acceleration. The coefficient
of proportionality is called mass and shown by m.
Planck-Einstein relation:

Exf E =hf h = Planck constant (1.236)

The energy of a photon is proportional to its frequency. The coefficient of propor-
tionality is called Planck number and shown by #.

Newton’s Law of Universal Gravitation states that objects attract one another
with a force that varies as the product of the masses of the objects and inversely as
the square of the distance between the objects.
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nijmy mipma
F «

G = gravitational constant (1.237)
,

His Law of Cooling states that the rate of temperature loss of a body is proportional
to the difference in temperatures between the body and its surroundings.

d d
—T (T — T, —T =k(T - T, 1.238
77 Lo 0) 7 ( 0) (1.238)

Today, we often write this law as
T (1) =To+ (T (0) — Tp)e (1.239)

where T is the temperature, ¢ is time, T is the temperature of the environment, 7' (0)
is the initial temperature of the object, and k is a positive constant.

Galileo (1564-1642) once wrote: If two particles are carried with uniform
motion, but each with different speed, the distances covered by them during unequal
intervals of time to each other the compound ratio of the speeds and time interval.

In today’s mathematical language, it means:

d=vt (1.240)

Example 44 Proportionality sign ox.

William Emerson (1701-1782) was an English mathematician who introduced
the sign o for proportionality for the first time (Emerson 1768). In his words, “Two
variables x and y may be so related that the ratio of one to the other is always the
same, x/y =constant,” which may be written as:

X Xy x is proportional to y (1.241)

Example 45 Lambert’s Cosine Law.

Lambert’s Law of Emission, also known as Lambert’s Cosine Law or the Cosine
Law of Emission, states that the intensity (flux per unit solid angle) emitted in any
direction from a region of a diffuse radiating surface is proportional to the cosine of
the angle between the direction of radiation and the normal to the surface,

I, o cos @ (1.242)

where I, is the intensity of emitted light, 6 is the angle between the observed emitted
intensity.

An ideal diffuse surface is usually a rough surface such that small variation in
the surface causes an incoming light ray to be reflected in all directions equally.
Thus, the region, or element, of the surface that obeys Lambert’s Cosine Law
will appear equally bright when observed from any direction. Therefore, the total
radiant power observed from a radiating surface is proportional to the cosine of
the angle 6 between the observer’s line of sight and a line drawn perpendicular to
the surface. The radiating surface appears equally bright regardless of the viewing
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angle, because purely from geometrical considerations, the apparent size of a
portion of the surface is proportional to the cosine of the angle (Pickover 2009).

Example 46 Titius—Bode’s law of planet distance.

The German astronomer Johann Daniel Titius (1729-1796) in 1766 discovered
an empirical relationship describing the mean distances of the planets from the Sun.
Consider the sequence of 0, 3, 6, 12,24, - - -, in which each successive number is
twice the previous number. Next, add 4 to each number and divide by 10 to form
the sequence of 0.4,0.7, 1.0, 1.6, 2.8, 5.2, 10.0, 19.6, 38.8, 77.2, - - - . Interestingly
Titius law states that this sequence gives the mean distances d of the planets from the
Sun, expressed in astronomical units (AU). An AU is the mean distance between
Earth and the Sun, which is approximately 149,604,970km =92,960,000 mi.
Mercury is approximately at 1/3 AU from the Sun, and Pluto is at about 39AU
from the Sun. The Titius—Bode law may be casted as

n+4
10

d =

(1.243)

wheren =0, 3, 6, 12, 24,48, 96, - - - . This equation may also be written as
d=04+03x 22 (1.244)

where k = 1,2, 3,4, --- working well for k > 2. Bode (1747-1826) published this
law in 1772 (Pickover 2009).
planet exact AU ~ 04+ 03 x 282 = aprox. AU
Mercury 039 AU ~ 04403 x0=04 AU
Venus — 0.72 AU ~0.4+0.3 x2° =0.7 AU
Earth  1.00 AU ~0.4+03 x2' = 1.0 AU
Mars — 1.52 AU ~04+03 x 2> =1.6 AU
Ceres 277 AU ~0.4+403x2° =28 AU
Jupiter 520 AU ~04+0.3 x2*=52 AU
Saturn  9.54 AU ~ 0.4+ 0.3 x 2° = 10.0 AU
Uranus ~ 19.19 AU ~ 0.4 4 0.3 x 2° = 19.6 AU
Neptune 30.07 AU ~ 0.4+ 0.3 x 27 = 38.8 AU
This law gave a significantly good estimate for the mean distances of the planets
that were known, Mercury (0.39), Venus (0.72), Earth (1.00), Mars (1.52), Jupiter
(5.20), and Saturn (9.54). Uranus (19.19) was discovered in 1781, and the large

asteroid Ceres (2.77) was discovered in 1801. Up to this point the Titus-Bode law
surprised everyone, promising new discoveries. Neptune (30.07) was discovered in
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1846 and Pluto (39.5) was discovered in 1930. These two planets mean distance
from sun are different than Titus law prediction of 38.8 and 77.2, respectively. In
2006, the International Astronomical Union designated Ceres and Pluto as dwarf
planets (Pickover 2009). The rule is called Titius—Bode law due to contribution of
Johann Elert Bode (1747-1826). Nobody could explain why the Titius—Bode law
worked.

Example 47 Proportionality in linear differential equations.
Consider the general second-order linear homogeneous ordinary differential
equation as

u@) Yy " +vx)y +wx)y=0 (1.245)
r_ dy (x) " _ dzy (x)
Y= V= (1.246)

If y1 (x) and y; (x) are both solutions of (1.245), then for any two nonzero constants
c1 and c3,

y(x) =c1y1 (x) +c2y2 (x) (1.247)
c1,c2 € R (1.248)

is also a solution of (1.245). This is the proportionality in linear systems.

Proof Because y; (x) and y; (x) are both solutions of (1.245), we have

u@)y +v @)y +w@)y =0 (1.249)
u@) yy +v@)yy+wx)yr =0 (1.250)

Let us substitute y (x) in Eq. (1.245)

u@)y" +v@)y +w)y =

u (x) (cr1y] (%) + c2y5 (1)) + v (x) (c1] (¥) + 2y (x))
+w (x) (c1y1 (x) + c2y2 (x)) =

(u (x) y{ +v(x) ¥y +w () y1) c1
+ @@y +v@y +w@) y)e=0 (1.251)

where

Y (x) = c1yp (x) + 25 (x) (1.252)
¥ (x) = c1y] (x) + c2y5 (%) (1.253)

Therefore, y (x) satisfies the differential equation (1.245) and is a solution. |
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Example 48 ¢ Superposition and proportionality of equation of motion.

Qualitatively, force is whatever changes the motion, and quantitatively, force is
whatever that is equal to mass times acceleration. Mathematically, the equation of
motion provides a vectorial second-order differential equation:

mit = F (F, 1, 1) (1.254)

We assume that the force function may generally be a function of: time ¢, position
r, and velocity r. In other words, the Newton equation of motion is correct as long
as we show that force is only a function of I, r, 7.

If there is a force that depends on acceleration, jerk, or other variables that cannot
be reduced to 1, r, ¢, we do not know the equation of motion because

F(r, b, ¥, T, - ,1) #mf (1.255)
So, in Newtonian mechanics, we assume that force can only be a function of I, r, ¢

and nothing else. In the real world, force may be a function of everything; however,
we always ignore any other variables than I, r, 7, or we make some approximations

accordingly.
Because Eq. (1.254) is a linear equation of force F, it accepts the superposition
principle. When a mass m is affected by several forces Fi, F», F3, ---, we may

calculate their summation vectorially
F=F +F,+F3+--- (1.256)

and apply the resultant force on m. So, if a force F provides acceleration i and F;
provides i
mi| = Fy (1.257)
miy; = Fp (1.258)

then the resultant force F3 = F| 4+ F» provides the acceleration ¥3 such that
I3 =7+ (1.259)

This is the proportionality and superposition of Newton equation of motion.

To see that the Newton equation of motion is not correct when the force is not
only a function of ¥, r, z, let us assume that a particle with mass m is under two
acceleration-dependent forces F(¥) and F>(X) on the x-axis:

m)'él = Fl(jél) (].260)
mxy = Fr(Xp) (1.261)
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The acceleration of m under the action of both forces would be i3

mi3 = F1(X3) + F2(X3) (1.262)
however, we must have
X3 =X + 12 (1.263)
but we have
m (X1 + X2) = F1(X1 + ¥2) + F2 (X1 + X2) # F1(%1) + F2(3%2) (1.264)

Example 49 Inverse dimensional analysis.

Knowing the dimension of a quantity will not allow us to determine the quantity
unless the dimension is simple enough to use our experience to name the quantity.
Assume we know the dimension of a quantity v to be:

[v]=LT! (1.265)

In language of units, v may be measured by length/time such as meter/second,
kilometer/hour, etc. As we know, such a quantity is called “speed.” We do not have
any other quantity whose dimension is LT ~!. Also, we do not have any unit for
speed and that is why we use the units of its components: length and time.

Another quantity a has the dimension

[a] = LT (1.266)

and rewriting it as (L T‘l) T~ reminds us that  must be speed/time which is called
“acceleration.” However, we may also rewrite it as length/time” or meter/second?.
We have no quantity that is meter/second/second, although the dimension of
acceleration is (meter/second)/second. In other words, acceleration is speed/time
because we measure the change of speed in time to measure acceleration. This
example shows that dimension of a quantity is ill to determine the quantity.
Acceleration is also another quantity with no particular unit. We use the units of its
components, length and time, to read its value, such as 2 meter per second square.
We might have defined a unit for speed and acceleration, such as in S/ system,
displacing one meter in one second to be one “tond” and changing one “tond” in
one second to be “haraka.” Then we may say this car has a maximum speed of 100
tond and a maximum acceleration of 10 haraka.
Let look at another quantity shown by f whose dimension is:

[f1=MLT (1.267)

It might be mass xacceleration, or mass x speed/time, or mass x speed”/length. If it
is mass x acceleration, then we have the name of “force” and unit of 'Newton” for it.
However mass x speed/time is momentum,/ time with no name and no unit, similar
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to massxspeed?/length that has no name and no unit. We simplify all of them to
force and measure them by unit of force.
Now assume the dimension of another quantity, W, is known as:

[W] = ML*T 2 (1.268)

Although the dimension of W is not very complicated, it is impossible to determine
the physical quantity. Using S system, the unit of W is kilogram meter” /second?.
Knowing that L/T is speed, W may be interpreted as kilogram speed® or
W = mv® Recalling that (L/T)/T is acceleration, W may be shown
as massxlengthxacceleration or W = mla. Employing “force,” it will be
forcexlength. Only in this case we have names for it. It may be called “work”
or “energy” or “moment” or “torque.” In case of “energy,” we measure it with a
unit of “Joule;” however, in case of “work” or “moment” or “torque,” we have
not defined any unit and therefore, we measure them by ‘“Newton meter.” The
quantity may also be more complicated if we assume the given dimension has been
simplified after cancellation of some dimensions. It might have been:

(W]=ML*>T2=ML*T>TT"! (1.269)

which may be interpreted in many ways including momentum x acceleration x time,
for example.

Example 50 “Fractional dimensions.

In classical dimensional analysis, we do not define fractional dimensions because
we usually do not work with fractional quantities. However, it is quite possible to
have them. As you know, fractional dimension for length has been defined many
years ago. Therefore, we may have a quantity x with dimension of L%2T~! or
MOSL21T=17 for example.

1.3 Conversion of Units

If the numerical value of a physical quantity Q [D] of dimension D in unit system
U is Q, then its numerical value g [d] of dimension d in the unit system u will be ¢,

qg=kQ (1.270)
d
qld]l =k [5] 0[D] (1.271)
where
1 original unit D = k new unit d (1.272)

A force F = 1IN in MK S unit system is equal to F = 0.2248 1bf in British unit
system. In the metric system we have
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2.2481bf = 10N (1.273)
Ibf
2.248 Ibf = 0.2248W x 10N (1.274)
because
1IN = 0.2248 1bf (1.275)
k = 0.2248 1bf/ N (1.276)

In general, we have the numerical value of a physical quantity Q in the unit
system U and we want to determine its numerical value g in the unit system u.
The dimension of Q is [Q] = Df Dé’ D5 --- and the dimension of g is [g] =
df dé’ ds - - - . If we have conversion coefficients k1, k2, k3, - - - for

1 original unit D1 = k| new unit d;

1 original unit Dy = k, new unit d (1.277)

1 original unit D3 = k3 new unit d3

(1.278)
then
q:kQ=(’<’f’<§k§-~)Q (1.279)
where
q[df‘dgdg...] - <kgl [g_ll] K% [g_ﬂ kg[dD_Z]..) Q[th D} Dg-..]
(1.280)

For example, a quantity O = 10Nm?s in MK S unit system is equal to ¢ =
67.213 x 10~*1bf ft> h in British unit system.

67.213 x 107*1bfft*h = 10N m’s (1.281)

67.213 x 107*1bfft* h = 6.7213 x 10~ lbflfiz‘ x I0Nm’s (1.282)
because

IN = 0.2248 Ibf (1.283)

ki = 0.22481bf/ N (1.284)

1 m = 3.2808 ft (1.285)
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ky = 3.2808 ft/ m (1.286)
1

Is= 3600 h (1.287)

k3 = Flooh/s (1.288)

k = kiksks = (0.2248) (3.2808)° (ﬁ) =6.7213 x 1074 (1.289)

In classical mechanics we usually have quantities from M K S to British or reverse.
The conversion will follow the rule of

N mP s¢ &~ 4.448% x 0.3048” x 1bf" ft’ s¢ (1.290)

~ 4.448% x 0.0254” x 1bf*in” s (1.291)
Ibf? ft? s &~ 0.2248% x 3.2808" x N m”s° (1.292)
Ibf* in? s¢ & 0.2248 x 39.37° x N“m” s¢ (1.293)

Proof We know from dimensional analysis that although the dimension of a base
unit, such as length, may be expressed in different units, the dimension of the length
is always [L]. Therefore, we can convert that length to a new set of units by knowing
the equivalence of length between the two systems. In most of the engineering
problems, we may need to convert a unit from British units lbfts to the S7 unit
Nms. In length conversion, for example, we only need to know either how many
feet are in a meter or how many meters are in a foot. These factors are usually
tabulated in conversion tables. We may use the following relationship:

d
qldl=k [5} Q[D] (1.294)

to express the quantity as Q number of units in measurement system [D] and g
the number of units in measurement system [d]. So, to convert from system [D] to
system [d],

)

= 1.295
D] ( )

where
1 original unit D = k new unit d (1.296)

This straightforward unit conversion method is called the factor-label method. To
apply the factor-label method:
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1. Write down the quantity you want to convert along with its measurement units
using a fractional format. For example, express v = 2020 ft/ s (feet per second)
as:

ft
v =2020— (1.297)

2. Write down the conversion or equivalence factors for each unit to your new set
of units as a ratio of the units in the original measurement system to the desired
system. The dimension of the ratio of the two units in the two systems will be
equivalent to [1], so the dimension of the original quantity is not changed (Treese
2018). For example, to convert v = 2020ft/s to m/h (meters per hour), we
know that 1 ft is 0.3048 m and 1 h is 3600 s; therefore,

ft  0.3048m  3600s 6 M
v =2020— x X =2.2165 x 10°— (1.298)
S 1ft 1h h

In general, we may make an equation for conversion of a quantity ¢ that is in
dimension of ft*/s? to m?/h? as

ma

b
> = ¢ x 0.3048% x 3600° — (1.299)

T\ 1w Ih

ft? 0.3048 m\ ¢ 3600 s
hb

or from ft? s? to m? h? as

0.3048 m\ ¢ 1h \? 0.3048¢
ft's” x [ ——— = “hb L.
q1ts X( 11t ) X (3600s> 4 3g000 ™ (1.300)

Example 51 Acceleration of cm/ s? to mi/ h2.
To convert an acceleration of 1 cm/ s? to the unit of mile per hour square, we use
lem = 6.2137 x 10 ®miand s = 2.777 x 10~*h.

6.2137 x 10~ mi 1 2 i
L i x 7 m i —80.528  (1.301)
s2 s2 lcm 2.777 x 10~4h h
b
cm® sb = (6.2137 x 10—6)a (2.7778 x 10—4) mih (1.302)

1 -2
10cm/s? = (6.2137 x 10—6) (2.7778 x 10—4) mi/ h

= 805.28 mi/ h? (1.303)
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Example 52 Gravitational constant.

According to Newton gravitational law there is an attraction force F between
two masses m and m> that is inversely proportional to the square of the distance r
between the masses. The proportionality ratio is called the gravitational constant G.

mim3

F=G6G—3

(1.304)
"

In MK S unit system, the value of the gravitational constant is:

3
G =6.67408 x 10~ | 2 (1.305)
kg s2

In CG S unit system, the value of the gravitational constant is:
100* cm?
G = 6.67408 x 10711 | ="

1000 g s2

3
— 6.67408 x 10~ [C—mJ (1.306)
gs

1.4 Chapter Summary

Engineering and physical sciences are based on experiments; experiments involve
measurements, and measurements need units for comparison. There are seven
accepted basic dimensional quantities in engineering and science: Length [L], Mass
[M], Time [T], Electric Current [/], Temperature [®], Amount of Substance [N],
Luminous [J].

The classical static dimensional analysis determines the powers of the involved
parameters, variables, and constants contributing in a physical equation. This will
determine the right equation. For example, the period of oscillation T of a simple
pendulum may be proportional to a function of the mass m of the tip mass, length /
of the string, gravitational acceleration g.

T=f@mlg C) (1.307)

Assuming all involved parameters are appearing in product, we move all of them in
one side of an equation and give them an unknown exponent and set the dimension
of the whole equation equal to 1.

COT mlicg? =0 (1.308)
[C1°[T1" [m]” [1)° [g]¢ = [0) (1.309)
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d
1 x T*MPL¢ (LT_z) =1 (1.310)

To balance the involved dimensions in the equation, in this example, 7, L, M, the
overall exponent of the basic dimensional quantities must be zero. This fact gives
us the maximum 7 algebraic equation for dimensions L, M, T,I,®, N, J. The
pendulum example gives us 3 equations for the three involved dimensions 7', M, L.

a—2d=0 (1.311)
bh=0 (1.312)
c+d=0 (1.313)

We are looking for the solutions when a = 1 as required by the assumed Eq. (1.307).
Therefore,

1
Z d=——
2 2

and the equation of the period of a pendulum will be

T:C\/z (1.314)
8

where the proportionality constant C can be determined by experiment.

The dimensional balance method works well if the guessed involved variables in
the equation are right and if the equation is made out of multiplying the involved
variables.

Open problem of static dimensional analysis is the “variable dimensions” and
“constraint dimensions.” It is possible to imagine a physical quantity that changes
its dimension by time or by relative size of other variables. At the moment we do
not have variable dimension theory.
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1.5 Key Symbols

a=Xx Acceleration
a Atto
a, b Semiaxes of ellipses
a, b, c Length
asf Astronomical mass force
asm Astronomical mass unit
atm Atmospheric pressure
A Ampere, unit of electric current
A Area
A Angle dimension
AD After death
AU Astronomical units
B Body coordinate frame
BC Before Christ
Speed of light in vacuum
c Hypotenuse of ellipse
Centi
Proportionality coefficient
Cp Specific heat
Cy Specific heat
cd Candela, unit of luminous intensity
cm Centimeter
°C Centigrade, Celsius
C Coulomb
C Dimensionless constant
CGS Centimeter—gram—second system of units
Cy Traction coefficient
Cs Caesium
d Day
d Displacement, length
d Deci
da Deka
deg Degree
dm Decimeter
D Diameter
D Dimension
e Elementary charge, 1.602176634 x 101 C
e Eccentricity
e 2.718281828459 - - -
E Energy, work, heat
Ex Kinetic energy

E Exa
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-group

WA\»»A“»@&&H&

e e
U

Ibf

Ephemeris Time

Foot

Function

Frequency

Force

Femto

Force

Fahrenheit

Drag force

Lateral force

Gram

Function

Gravitational acceleration

Gravitational constant

Global coordinate gram

Observer coordinate gram

Giga

Planck constant, 1 = 6.62607015 x 1073
Hecto

Hour

Energy, work, heat

Dimensionally homogeneous equations
Hertz

Imaginary unit, i> = —1

Electric current dimension symbol

Second area moment

Intensity of emitted light

International Astronomical Union
International Organization for Standardization
Jerk

Joule

Second area moment

Luminous

Kilograms, unit of mass

Boltzmann constant, k = 1.380649 x 10~23
A factor to make f and m fundamental dimensions
Specific thermal conductivity

Kilo

Scale coefficient

Kelvin, unit of temperature

Kinetic energy

Bulk modulus

Monochromatic radiation of frequency 540 x 10'2 Hz
Pound mass

Pound force
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Lumen

Length

Length dimension symbol
Lagrangian

Meter, unit of length

Mass

Mili

Mass flow rate

Milligram

Mole, unit of amount of substance
Millibar

Mass dimension symbol

Moment, torque

Mega

Meter—kilogram—second system of units
Nano

Amount of substance dimension symbol
Newton

Avogadro constant, 6.02214076 x 1023 mol ™!
Dimensionally nonhomogeneous equations
Pascal

Tire inflation pressure

Pico

Momentum

Pressure, stress

Population dimension symbol
Potential energy

Power

Peta

Generalized coordinate

Heat

Quantity of flow

Moment, torque

Physical quantity

Electric current

Radius

Radian

Position vector

Rankine

Radius

Second, unit of time

Arc length displacement
Steradian

Systéme International (d’Unités)
Time
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N NSNS

USA
Uscs
USSR

V=X, V

S Eg<<

~=
'NN

S)

REZR Q& ~g <2 = x

STTEETR OO o

Time dimension symbol, temperature
Temperature

Moment, torque

Tera

Period

Barycentric Coordinate Time
Geocentric Coordinate Time
Barycentric Dynamical Time
Terrestrial Time

Velocity

Unit system

United States of America
United States Customary Units
Union of Soviet Socialist Republics
Universal Time

Velocity, tread velocity in tireprint
Volume

Velocity

Watt

Energy, work, heat

Coordinate axes

Global coordinates
Displacement

Function

Temperature

Ambient temperature
Information dimension symbol
Elevation

Money dimension symbol
Gradient

Proportional

Integer numbers

Real numbers

Angle

Integer exponents

Transition frequency of the caesium-133 atom
9192631770 Hz

Strain

Kinematic viscosity

Angle

Temperature dimension symbol
Friction coefficient

Viscosity

Micro

Frequency

69

Avcs =
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<

A

g g8« 4 qaa

Kinematic viscosity
3.14159265359 - -

wi-number, i =1,2,3---

Density
Pressure, stress
Surface tension
Pressure, stress
Angle

Angular velocity
Frequency

1
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Exercises

1. Lift force of an airplane wing.
Find a formula for the lift force generated by an airplane wing, in terms of the
density of the surrounding air, the area of the wing, and the speed at which it
moves through the air.

2. Variable volume Earth.
Assume the Earth’s radius R is fluctuating with frequency w

R = Rp + 1000000 sin wt Ro = 6371000 m (1.315)

where Ry is the current average radius of the Earth. If the mass m of the Earth
remains constant, determine the equation of the density rate and its dimension.

3. Centripetal force.
Beginning with F = km®vPr? determine the correct equation for centripetal
force F.

4. YPhysical quantities’ dimensions.
Determine the dimensions of Angular Momentum, in kgm-meter? /sec. Gravi-
tational Field Strength, in newton/kg. Charge Density, p, in coulomb/meter?,
where Charge g is measured in coulomb. Field Intensity, E, in volt/meter.
Current Density, j, in amp/meter”. Permittivity, ¢, in farad/meter. Capacitance,
C, in farad. Inductance, L, in henry. Resistance, R, ohm. Enthalpy in joule.
Entropy, in joule/ K. Gas Constant, in joule/kg- K. Thermal Conductivity, in
watt/meter- K. Thermal Diffusivity, in meter? /sec. Heat Transfer Coefficient, in
watt/meter’- K.

5. Derivative and integrals
Assume x is a variable that its dimension is

[x] = MOLPT® (1.316)
Determine the dimension of y; = dx/dt, and y, = [x dt, and y3 =
3%x/ (dz9t),and y, = [x dV,where [t] = T, [z] = L, [V] = L.

6. Electrical Coulomb’s law.
The basic dimension of electrical charge is determined from Coulomb’s law.

010>

2

F=K (1.317)

r

Determine the dimension of K.

7. Bulk modulus of elasticity, K.
The bulk modulus of elasticity is used as a measure of the compressibility of
liquids. Liquids can be compressed at very high pressures. If the pressure is
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Fig. 1.10 Uniform rotation of a cylinder of liquid

increased isothermally by Ap, it will decrease in volume, —AV, such that for
any volume V of liquid we have:

K=-— (V—d”> (1.318)
dv

Determine the dimension of bulk modulus of elasticity, K.

. The free-surface shape of rotating liquid.

A fluid in a cylindrical container rotates at a constant angular speed w, as shown
in Fig. 1.10.

The free surface of the liquid of density p is no longer horizontal and the free
surface stays as the equation for a parabola.

(1.319)

Employing dimensional analysis, show that the parabolic equation is correct.
. Dimensional homogeneity of elliptic PDE.
An example of elliptic partial differential equations (P DR)

—V.-(cVu)+au=f (1.320)
is the Poisson’s equation on an area.

u  3%u s 9
@+8—}}2=X +y (1.321)

Check the dimensional homogeneity of elliptic partial differential equations.
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10.

11.

12.

13.

14.

Dimensional homogeneity of parabolic PDE.
An example of parabolic partial differential equations (P DE)

9
a_b: V. (eVu)tau=f (1.322)

is the heat equation.

ou_ Pu O g (1.323)
— =— + — +sin .

ar  9x2  9y?

Check the dimensional homogeneity of parabolic partial differential equations.
Dimensional homogeneity of hyperbolic PDE.

An example of hyperbolic partial differential equations (P DR)

0%u
e V.-(cVu)+au = f (1.324)

Check the dimensional homogeneity of hyperbolic partial differential equations.
Tension T in string.

Consider a string of length / that connects a ball of mass m to a fixed point. The
ball whirls in a circle at speed v. Employ the method of dimensional analysis to
show that the tension T in the string is determined by the following equation:

Tl
—— = cte. (1.325)

muv?

Logarithm function.

The exponent of mathematical functions is supposed to be dimensionless.
Explain the mistake and remedy of expressions such as In (r), where 7 is, for
example, a radius.

Taylor series expansion.

A function f (x) can be expanded into a Taylor series around an ordinary point
X =a.

f" (@)

fO=f@+f@«-a+ 7= x-a)’+:
=3 ! k'(“) a—af =Y a @ —a)f (1.326)
k=0 : k=0
®
o=@ (1.327)

k!
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Determine the dimension of the coefficients ay, if

(@ [f]=L,[x]=L
®) [fOI=T,[x]=T
© [f®I=L,[x]=T

15. General second-order differential equations.
The general linear second-order differential equation is:

L)Y+ i)y + fox)y=fx) (1.328)
which for f> (x) # 0 can be transformed into
Y'+P @)Y+ Q&) y=R(x) (1.329)

(a) Determine dimensions of all functions if [x] =T, [y] = L, [f (x)] = L.
(b) The equation may be solved by series solution

o0 ®
f@=) a@x-at ax = % (1.330)
k=0 ’
when we substitute
S (k)
P=3" P k'(“) (x — a)k (1.331)
k=0 :
o (k)
ow=Y" 0 k'(“) (x — a) (1.332)
k=0 ’
% (k)
R =Y R k'(a) (x — a)k (1.333)
k=0 ’

into the equation and solving the coefficients of (x — a)k for aj. Determine
the dimensions of the coefficients P®) (a) /k!, Q%X (a) /k!, R® (a) /k!, ay.

16. Hidden dimensional coefficient.

(a) Determine the hidden coefficient and its dimension in the following differ-
ential equation:

1 /_d_y

y +y=0 y = (1.334)
dx

ifx]=T,[y]=L.
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(b) The series solution of the equation
i4i+x=0 x@O0)=1 %0 =0 (1.335)
is:
x=1—1t2+1t3+it4——z — 4. (1.336)

Determine the hidden coefficients in the equation and their dimensions. Also
determine the dimension of the coefficients of the series solution.

17. Transcendental functions.
As we know, all transcendental functions are dimensionless. Explain how we
may have functions such as y = expt, or y = sin¢, where ¢ is time and y is
displacement.
18. A parametric second-order differential equation.
Consider the second-order parametric differential equation

Y +y + (1 +x2>y =0 (1.337)
yO=2 Yy (@0)=0 (1.338)

(a) Determine the hidden coefficients and their dimensions if [x] = T, [y] = L.
(b) Searching for a series solution of the form

o
y=Y axt (1.339)
k=0
provides
2ay +ay+ag =0 k=0 (1.340)
6as +2a+a; =0 k=1 (1.341)

k+2)k+1)agsr + (k+ 1) ags1
+ay +ap_2=0 k>2 (1.342)

by setting the coefficients of x* k=0,1,2,3,-- equal to zero. The first
equation indicates

ay = i (1.343)
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and the second equation indicates that

—2ar — ay ag
= = — 1.344
as z 6 ( )

and the third equation gives us a recurrence relation to determine all the
coefficients of k > 2.

—(k+1Dart1 —ax — a2
- 1.345
U+2 k+2) (k+ 1) (1.343)

Determine the dimensions of a*, k =0,1,2,3, ---.

19. Y Important equations in physics.
The following equations are considered as the equations that changed the world
of science. Show that the equations are dimensionally homogeneous.

a. Pythagoras’s equation (Pythagoras 530BC).

a*=b* 42 (1.346)
b. Logarithm
logxy =logx +logy (1.347)
c. Calculus
d h) —
A _ g LEFD =) (1.348)
dx h—0 h
d. The square root of minus one (Euler 1750).
i“=-1 (1.349)
e. Wave equation
a2 d?
e (1.350)

a2 = a2

f. Fourier transform

(@)= / £ (x) e-2mixogy (1351)
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g. Second law of thermodynamics

ds =0 (1.352)
h. Relativity
E = mc? (1.353)
i. Schrodinger’s equation
ih% = HVY (1.354)
Jj. Information theory
H=->"px)logp(x) (1.355)
k. Chaos theory
X1 =k xp (1 — xy) (1.356)

1. Black—Scholes equation

1, ,3%V v v
So220 L s L0 Ly = 1357
27 e T s T T (1.357)

20. Now look at Newton equation of motion.
Assume the Newton equation of motion is defined by

F o a'? (1.358)

(a) Determine the dimension of mass.
(b) Analyze the consistency of the Newton gravitational equation with this
equation.

21. Work of a planar force on a planar curve.
A planar force F,

F = 2xyi +3x%] N (1.359)
moves a mass m on a planar curve

y=x2 (1.360)



78

22.
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from (0, 0) to (10ft, 50in). Using
dy =2xdx (1.361)

calculate the work done by the force in Nm:
P, 3,1
Wy = / GF.dr = / <2xy dx + 3x2 dy) (1.362)
Py (0,0)

A projectile range.

Consider a projectile with mass m = 1.121b that is shot with an initial velocity
vo from the origin of the coordinate frame. The initial conditions of the problem
are

=0 10 =0 0=37deg (1.363)
v(0) = vo = (2mi/h)7 + (17000in/ s) (1.364)

Knowing that the solution of the equation of motion

dv
& 1.365
mos=mg ( )
g =—gk (1.366)
g = 9.80665m/ s> ~ 9.81 m/ s> (1.367)

is
v €08 6 vot cos O
v= 0 r= 0 | (1.368)
vosinf — gt vot sinf — 5gt2

determine, all in S/ unit system:

(a) the range R of the projectile on a flat ground
2
Vg .
R = —sin26 (1.369)
8

(b) the difference between the maximum possible range
Yo
Ry = — (1.370)
8

and the actual range.
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A Z/100 m

Y/100 m
Fig. 1.11 A roller coaster
(c) the range time #g, at which the projectile reaches R.
vo .
tg =2—sinf (1.371)
8
(d) the height A and the height time ¢y
2
v 1
H=2sn?0 ty=-ig=-"sing (1372)
2g 2 g

(e) Prove that these results are independent of the mass of the projectile.

23. Length of a roller coaster.
Figure 1.11 illustrates a roller coaster that its mathematical expression in
parametric equations is:

x =(a+ bsinfh)cos
y =(a+ bsinf)sinf (1.373)
z=b+bcosf

For

a = 600 ft b =0.150mi (1.374)
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24.

25.

26.
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determine the total length of the roller coaster in (m) by integral of ds for 6
from O to 27:

do d9
02 ax\? ay 2 0z
= — —= de 1.375
/el \/<89) +(ae> +<86> (37
Flight of a bug.

Assume two cars A and B that are initially 50000 ft apart. The cars begin
moving toward each other. The speed of car A is 20000in/h and B is 7 mi/ h.
At the instant they started moving toward each other, a bug on the bumper of
car A starts flying with speed 40 m/ s straight toward car B. As soon as the bug
reaches the other car it turns and flies back. The bug flies back and forth from
one car to the other until the two cars meet. Determine the total length that the
bug flies.

Relative frequency.

A body B that is moving along the x-axis with a constant velocity u. The body
B emits small particles which move with a constant velocity ¢ along the x-axis
every T seconds. If f denotes the frequency and A the distance between two
successively emitted particles, then

- (1.376)

An observer moves along the x-axis with velocity v. Let us show the number

of particles per second that the observer meets by the relative frequency f’ and

the time between meeting the two successive particles by the relative period 7”.
c—v

f'== (1.377)

Show that

f’*f(l— U:”) (1.378)

and provide the solution for dimensional homogeneity.
Dimensional homogeneity of the Bernoulli equation.
Bernoulli equation in fluid mechanics is:

1
P+ Epv2 +pgz=C (1.379)

Verify the homogeneity of the equation and determine [C]. P is pressure, p is
density, v is velocity, g is gravitational acceleration, z is height.
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27. A falling object on a spring on the Moon.
Assume an experiment on the Moon. An object with mass m falls from a
height & on a linear spring with stiffness k. We can determine the maximum
compression of the spring using the work—energy principle. The gravity force
mg and the spring force —kx are the acting forces on m. If xjs is the maximum
compression of the spring, then K, = K| = 0 and we have

XM
1Wo =mg(h+ xy) — / kxdx =0 (1.380)
0

_mg mg\2 2mgh
Xy =8y (k) += (1.381)

If we put m on the spring, it will deflect statically to

Xo = % (1.382)

SO we may compare x s to xo and write x; as

2h
XM = X0 (1+ 1+—> (1.383)

X0

(a) Justify the result in Eq. (1.383) must be independent of m and k and g.
Therefore this equation and the experiment must provide the same results
on any planet, for any value of m and on any spring k.

(b) Knowing that on Earth, ¢ = 9.81 m/s?, and on Moon, g = 1.6 m/ s and

h =50in m = lkg k = 1000 1bf/ ft (1.384)
determine x¢ and x,; on Earth and Moon, and examine the correctness of

Eq. (1.383).
(c) Theoretically we can measure g based on such experiment. Show that:

(1.385)

and examine the dimensional homogeneity.
28. Bungee jumper.

(a) Consider a falling bungee jumper from

2(0)=2z0=0 z2(0)=z20=0 (1.386)
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who is under the force of gravity and an elastic rope with stiffness k and a
free length /. We measure the vertical displacement z downward. The forces
applied on the jumper would be:

g z <l
Z= k 1.387
§——@—Dz>1 ( .
m
(b) Substitute z = p and transform the equation to
d
;= pZP (1.388)
dz
and find the solution:
V2gz 4+ Cy z <l
=11 1.389
P —/2gm2z + Com? — kmz% + 2kimz z > | ( )
m
and show that
kl?
;=0 Cr=—— (1.390)
m
(c) Substituting back to z = p and find the solution in terms of time ¢,
V2
v +C3 z <l
t = — 8 (1.391)
/;tan*‘ (AB)+Cyz>1
—k(iz—-1
A_8m—kz-D (1.392)
—k
k
B = 5 (1.393)
2mgz —k(z —1)

and justify

C3 =

0
21 m _ mg
Coi=— =+ [—tan [ ]2 1.395
4 p +y/ 7 tan < 2kl> ( )

(d) Examine the dynamic of the jumper for

(1.394)

m = 100kg k=80N/ft ! =500in (1.396)



Exercises 83

and find r when z = [. After this time elapsed, the solution switches to the
case z > [ that ends when z = 0. Determine the maximum stretch of the
elastic rope zyy.

(e) Determine the maximum stretch of the elastic rope from the conservation of
energy equation:

1
mg 2u = Sk (2m = 1? (1.397)

29. Inverse dimensional analysis.
Try to express the physical quantity or quantities of the following given dimen-
sions, assuming there was no simplification by cancelling out any dimension.

a=LT (1.398)
b=LT (1.399)
c=LT (1.400)

d=M’LT (1.401)

e=M?L°T? (1.402)

f=M"L*T" (1.403)

30. YNumerical series and transcendental e number.

Show that

1
ZE =e=271828--. (1.404)
k=0 "

o (=DF 1

Z = — =0.1839397- - (1.405)

k! 2e

k=0

ad 1

Z = - =0.36787--- (1.406)

P (2k+ N e

> - (1.407)
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Chapter 2 ®
Dynamic Dimensional Analysis Qs

This chapter develops the concept of dimensional analysis to use it in
model-prototype similarities, nondimensionalization, and simplification of
equations for the most general coverage. The goals of dynamic dimensional
analysis are: (1) to minimize the number of variables in analysis of a system,
(2) to express the mathematical model of systems by nondimensionalized equations
to get the results of the investigation to be unit and size independent, (3) to match
the dynamics of model and prototype to do experiments on the model and use the
result for the prototype.

In the study of dynamic physical systems we work with several physical
equations at the same time, and we have variables that their values are changing.
A real system, called prototype, is expensive, too large or too small, time and
energy consuming to be used for fine design. If possible, we prefer to work
with a manageable size, inexpensive, and a simpler system that only operates
on the phenomena of interest. Such a simpler system is called model. Dynamic
dimensional analysis is the study of these topics.

2.1 Buckingham pi-Theorem

Buckingham pi-theorem says: If an equation in n arguments is dimensionally
homogeneous with respect to m fundamental units, it can be expressed as a relation
between n — m independent dimensionless arguments shown by ;.

Suppose we have a unit free physical law in the form

[, x,x3,--,x,) =0 2.1

where x;,i = 1,2, --- , n are dimensional variables of m fundamental units. There-
fore, dimension of every x; can be represented as a power product of the m funda-
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mental dimensions. From x1, x2, - - - , x,, we can form k new independent nondimen-
sionalized variables w1, w2, -+ , Tk, k = n —m. Then f (x1,x2,x3,--- ,x,) =0
is equivalent to a physical law of the form

g(mwy,ma, -+, k) =0 (2.2)

Proof Any mathematical equation in physics and engineering is in the form of

f(-xla-x25-x37"' 7-xl’l)=0 (2'3)
where f is a function of n variables and parameters xj, x2, x3, -+, X, all
measurable dimensional quantities. The n quantities x, x2, X3, - - -, X,, involve m
fundamental dimensions D1, D, D3, - - -, Dy,, such as Length [L], Time [T'], Mass
[M], etc. The dimension of any of the n quantities xy, x2, x3, - - -, X, Will be

[x;]= D‘ll” D;Zi <o+ Dpmi i=1,2,---,n (2.4)
laij,i=1,2,---,m, j=1,2,--- ,n} eN (2.5)

where a;; are all known values. We show the dimensions of variables x1, x2, x3, - - -
by the m x n dimensional matrix A.

X1 X2 X3 - Xp

Dy layy a2 a3 -+ an
Dy \azy ax axs --- ax (2.6)

Dy, |am1 am2 am3 -+ - Gmn

app ap2 aiz ---din

azlp azz a3 ---dxp
A= . . . .. 2.7)

Aml Am2 Am3 *** Amn
The top row is the list of variables xi, x3, x3, - -+, x, in Eq. (2.3) and the left
column is the list of dimensions D1, D3, D3, - - -, D,,. Then below of each variable

there are the exponents of the associated dimension of the variable.
We are looking for dimensionless variables

T = xf' xzb2 oo xbn (2.8)
such that

[x]1=DYDY --- D% =1 (2.9)
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Substituting (2.9) and (2.4) into (2.8) provides us with

D(l) Dg D?n :(D?H Dg“ D;‘lml)bl

b
X (D(flz D;ZZ . Dna1m2) 2
b
x (D" D3¥ - DGm3)™ x - x
n n mn by
X (D?1 Dgz - D ) (2.10)
Equating powers of the dimensions Dj, D>, D3, ---, D,,, we will have a set of
algebraic equations.
D : 0=anby +anby+---amby (2.11)
Dy : 0 =an1by + axnby + - - -axb, (2.12)
Dy, : 0 =ambi +amabs + - - - amnby (2.13)
The coefficients a;;,i = 1,2,--- ,m, j = 1,2,---,n are all known and b;, i =
1,2,---,n are to be determined, from a set of homogeneous linear system of m
equations in n unknown variables b;,i = 1,2, --- , n.
aiy ap aiz -+ day by
ax| ax a3 -+ axy by
=0 (2.14)
aml Am2 Am3 - Amn by,

The determinant of the coefficient matrix A must vanish to have nonzero values of
the unknowns b; ,i =1,2,--- ,n.

app a1 asy - A
azy azp dz3z --- A

A= . . . . =0 (2.15)
aml Am2 Am3 *** Amn

A set of homogeneous linear equations in n unknown variables whose matrix of the
coefficients exhibits the rank r, has exactly (n — r) linearly independent solutions.
So, given n physical quantities x;,i = 1, 2, - - - , n with a relation among them, there
exist exactly (n — r) independent dimensionless 7 , j = 1,2,--- ,n —r. We can
then mathematically express this theorem as

8(7717772a"'a7rn7r)=0 (216)
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Because the m number of the dimensions Dy, D>, D3, - - -, D,,, are independent,
practically the rank of the matrix A is equal to r = m and therefore, the number of
independent rr; variables is n — m.

To apply the Buckingham pi-theorem, we may follow the following steps:

1. Identify the physical quantities x; and the number 7.
2. Employ the dimensional system M, L, T, --- for every quantity x;, and
determine the number m.

3. Make the dimensional matrix A and evaluate the rank » which is usually r = m.
4. Evaluate k = n — r dimensionless 7t variables.
5. Apply g (1,2, - -+, wr) = 0 to obtain the desired relationship between the 7;

variables.

An example will clarify the application. Consider a ship of length / sailing at a
constant speed v on the ocean. The energy will be transferred to the water as a result
of viscous friction. This energy will induce surface waves as well as to overcome the
friction of the turbulent motion of the water. The resistance to the motion of the ship
depends on the acceleration of gravity g, the density of water p, and the viscosity of
water (L.

Step 1 the physical quantities x; are (/, v, g, p, ) and the number n isn = 5.

X1|X2 X3 |X4 X5

2.17)
L vigpu
Step 2 the involved dimensions are M, L, T, and the number m is m = 3.
D1 D2 Ds (2.18)
M| L T
[[1=L (2.19)
[v]=LT"! (2.20)
[gl=LT? (2.21)
[p] = ML™3 (2.22)
(ul =ML~ 'T™! (2.23)
Step 3 the dimensional matrix A is formed below and its rank is » = 3 which
indicates that r = m = 3.
L'v g pnu
MOO O 1 1 (2.24)
L1 1 1 -3-1
T 0—-1-20 -1



2.1 Buckingham pi-Theorem 91

0 0 1 1
1 1 -3-1 (2.25)

0
A=|1
0-1-20 —1

Step 4 there are k = 2 = n — r dimensionless 7 -variables.

i = MOLOTO = [b1yb2 gbs pha  bs

— Ik (LT—l)b2 (LT_z)b3 (ML—3>b4 (ML_lT_l)hs

— Mh4+h5 Lh1+b2+b3—3b4—b5 T—h2—2b3—3b4—b5 (226)
by +bs =0 2.27)

b1+ by+ by —3by—bs =0 (2.28)

—by —2b3 — bs =0 2.29)

We have some freedoms of choice how to solve the three equations for the five
unknowns by, by, b3, bs, bs. Let us firstly assume b3 = 0, by = 1, and therefore, we
have

14+bs=0 (2.30)
bi+by—3—-b5=0 (2.31)
—by — b5 =0 (2.32)

which provides us with

bs = —1 by =1 by =1 (2.33)
Therefore,
l
=% (2.34)
"
Let us secondly assume b3 = 1, by = 0, and therefore we have
bs+bs =0 (2.35)
bi+by+b3—3bs—bs=0 (2.36)
—by —2b3 — b5 =0 2.37)

bs =0 (2.38)
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bi+by+1—bs5=0 (2.39)
—by—2—b5=0 (2.40)

which provide us with

bs =0 by =-2 by =1 (2.41)
Therefore,
l
=% (2.42)
v

Knowing that if 7; is a dimensionless variable then, 1/m; and (7r;)" are also
dimensionless variables, we usually show the 77| and 77 in this problem as

!
=% —Re (2.43)
n
v
wy)=—=Fr (2.44)

w1 = pvl/; = Re is called Reynolds number, and 7, = v/ /gl = Fr is called
Froude number.

Although in this example we are free to choose any two exponents arbitrarily, the
results may yield indeterminant solutions or meaningless or trivial solutions such as
one with all unknown exponents to be zero.

The Buckingham -theorem states that any complete physical relationship can
be expressed by an equation of a set of independent nondimensional product
combinations of the physical quantities concerned. The least possible number of
independent nondimensional quantities which appear in the relationship is equal
to the number of related physical quantities minus the number of the fundamental
units.

In other words, if a problem involves n variables and m independent dimensions,
then it can be reduced to a relationship between n — m nondimensional parameters.
Hence, every equation is dimensionally homogeneous if and only if it can be set in
the form

g(7T1,7T3,7T3,"',7Tk)=0 (245)

where g is a function of the dimensionless products of 7, 73, 73, - , Tk

Since Buckingham (1914) denoted the dimensionless quantities by m;, this
theorem is referred to as the m-theorem of Buckingham. The 7; variables are the
nondimensionalized variables of the problem. Besides the Buckingham 7 -theorem,
there are other techniques such as Rayleigh method that can be used to perform a
dimensional analysis. Rayleigh method is the dimensional balance of both sides of
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an unknown equation with known variables. However, all other methods are similar
in principle to the Buckingham technique.

It seems that the 7 -theorem has been first stated by Vaschy (1892). Buckingham
(1914) gave the first proof of the m-theorem in 1914, for some special cases.
Martinot-Lagarde (1948) gave a more general proof, and Birkhoff (1956) clarified
the proof better (Curtis et al. 1982; Langhaar 1951). |

Example 53 Escape velocity v from a planet.

Let us assume that the escape velocity v from a planet depends on the mass of
the planet m, the planet radius R, and the universal gravitational constant G. Their
dimensions are:

[v]=LT"! (2.46)
m] =M (2.47)
[R] =L (2.48)
(Gl = L3T>M~! (2.49)

Let also assume that the escape velocity is a function of the form of
v =Cm*RPG¢ (2.50)

where C is a dimensionless constant and a, b, ¢ are the numbers to be determined.
Rayleigh’s method of dimensional homogeneity of the equation shows that

W] =LT ! = [Cm“RbGC] — MeLb <L3T_2M_1)C
— Ma—CLb+30T—2L' (251)

Therefore, we must have

0O=a—-c (2.52)
1=>b+3c (2.53)
—1=-2c (2.54)
with the unique solution of
a=1/2 b=-1/2 c=1/2 (2.55)

The escape velocity equation will now become

[Gm
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To determine the m-functions of the escape velocity problem, we search for the
exponents of a, b, ¢, d such that [71] = 1.

71 = m*RPGv? (2.57)

c d
] = [m“RbG”vd] — MeLb <L3T’2M’1> (LT’])

— pMe—cpbt3etdp=2c—d _ (2.58)
Therefore,
da—c=0 (2.59)
b+3ctd=0 (2.60)
2c—-d=0 2.61)

with the solution of

1 1 1
a=——d b=—-d c=—=d (2.62)
2 2 2

that provides us with a w-function.

d
7 = v P RPGA? = (v i) (2.63)
Gm
The value of d is not important in this problem as if d = 1 provide us with 1, then
d = 2 provide us with rr% and so on. Choosing d = 1 makes our dimensionless
variable as w1 = v4/R/ (Gm). According to -theorem any physical law involving
the parameters v, m, R, G can be expressed as g (w1) = O then 7y = C with a
dimensionless constant C is a solution.
Therefore, the scape velocity v from any planet can be calculated from Eq. (2.56)
and as a result if the escape velocity from planet 1 is:

G
v =C,. |22 (2.65)
Ry
and therefore,
U12 m) Ry

Bl St ) (2.66)



2.1 Buckingham pi-Theorem 95

Escape velocity is the lowest value of the initial velocity of an object departing
from the surface of a celestial body required to escape the body’s gravitational
attraction. Earth’s escape velocity is 11.2km/ s, and for the Moon it is 2.4 km/ s. To
determine the escape velocity we recall that the gravitational potential P between
two masses m and M to be

GmM
r

P=-

(2.67)

where r is the distance between m and M. If M is a particle, such as a missile, on
the surface R of a celestial body such as a planet, then M needs a minimum velocity
v to be able to reach the infinity where the potential becomes zero and its speed also
be zero. The energy equations determines v.

Lo GmM _

0 2.68
S My B (2.68)

2Gm
v=./ —_ (2.69)

Interestingly, the scape velocity is not dependent on the mass of the missile. The
escape velocity from the Earth with

3
G = 6.67408 x 1011 2

— 2.70
e (2.70)
R ~ 6.3781 x 10°m (2.71)
m =~ 5.972 x 10 kg (2.72)

would be

2Gm m
v=, — ~11180— 2.73)
R S

Example 54 Taylor’s atomic explosion analysis.

It is a famous story that in the early 1940s a picture of an atomic blast was
published on the cover of Life magazine. Sir Geoffrey Ingram Taylor (1886-1975),
a fluid mechanic scientist at Cambridge, UK, investigated the amount of energy of
the blast using dimensional analysis. In a nuclear explosion there is an instantaneous
release of energy E in a small region of space. This explosion produces a strong
spherical shock wave, with the pressure inside the shock wave several thousands
of times greater than the initial negligible air pressure. Figure 2.1 illustrates the
spherical shock wave 15 ms after the explosion (Barenblatt 1996).

To determine the amount of released energy, Taylor (1941, 1950) studied the rate
of growth of the radius R of this shock wave with time ¢. The involved quantities are
the energy E, the radius of spherical wave R, the density of air p and time ¢. Thus
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200 m

A
Y

Fig. 2.1 The spherical shock wave 15 ms after the explosion

F(RE, p.t)=f (R“Eb,octd) —0 (2.74)
[E] = ML*T? (2.75)
=T (2.76)
[Rl=L 2.77)
[p] = ML~ (2.78)

There are n = 4 variables and m = 3 dimensions and therefore, there existm —n =
1 dimensionless group 7.

71 = RYEP p¢t? (2.79)

[m1]=[RI* [E]" [p]° [1] (2.80)
1=1° (MLZT_Z)b (ML_3)C 74

— Jat2bte ppbte p-2e+d 2.81)

The dimensional balance equation provides us with 3 equations for 4 unknowns.
a+2b+c=0 (2.82)

b+c=0 (2.83)
—2c+d =0 (2.84)
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Fig. 2.2 A line with a slope of unity in a plane with logarithmic coordinates of x = log¢ and
y= % log R illustrates how the radius of the spherical shock wave expands

Assuming a = 1, we find

b ! ! d 2 (2.85)
= —= C = — = —— .
5 5 5
which shows:
R
Therefore, R will be
R =C EYV¢?Pp=1/3 (2.87)

The equation shows the relationship between the quantities. We may rewrite the
equation as

5 5 1 E
—logR = -logC + -~ log — + logt (2.88)
2 2 2 o

If we measure the radius of the spherical shock wave at different instants of time,
then the experimental points will lie on a line with a slope of unity in a plane with
logarithmic coordinates of x = log# and y = 3 log R as illustrated in Fig. 2.2. Using
this analysis and mapping several photos of high speed photography, Taylor made
very good approximation of the amount of initial £ by extrapolation for R — 0 to
be E = 10'%J = 23900573613.8 kcal. We need 9.81J energy to lift 1 m a mass of
1 kg up from the Earth surface.
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Example 55 Why do we consider X/(F/k) and r = w/w, in vibrations?
Consider a forced excited undamped single DO F system:

mXx + kx = F sin (wt) (2.89)

The input, output, and system parameters involved are m, k, F, X, and, T = 1/w.
Based on the Buckingham-7 theorem, any complete physical relation of a system
can be expressed in terms of a set of independent dimensionless products of its -
terms, which is the products of relevant physical parameters of the system. Because
each mr-term is dimensionless, we must have a balance for the dimensions involved:

XUm Flot = LOMOTO (2.90)

Let us substitute the parameters X, k, m, F, w by their dimensions of M, L, T:

M\* ML\ [ 1\¢
L =) M= —) =1°M°7° (2.91)
T2 T2 T
so we have
La+de+C+dT—2b—2d—E — LOMOTO (292)
and
a+d=0 (2.93)
b+c+d=0 (2.94)
—2b—2d—e=0 (2.95)

These three equations may be solved for any three out of five exponents a, b, ¢, d, e.
The solution by assuming a and e are known as

d=—a b=a— —e c=§e (2.96)

Substituting them back, we have

Xk P F ¢ = LOMOTO (2.97)
which indicates
X a e

= @) =1°MO7° (2.98)

F/k k/m
The dimensionless 7 -terms are

X w
] = —— Ty = (2.99)
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Fig. 2.3 A small spherical ball being pushed by a force F' through a viscous fluid and move it with
velocity v

The m-theorem states that there is a function f of the 7w -terms such that

X @ \_p 2.100
f(F_/k’J_k/m>_ (100

So, X/ (F/k) is a function of w//k/m.

Example 56 Resistive force F on a ball moving in a viscous fluid.

Consider a small spherical ball being pushed by a force F through a viscous
fluid and move it with constant velocity v as is shown in Fig. 2.3. Let us assume
that L represent the length dimension of the body, such as the radius of the ball
R. Considering the resistance drag force F, length L, viscosity u, density p, and
velocity v, we may assume that there is an equation relating all variables to each
other such as

fF, L, p,v)=0 (2.101)

There are 5 variables F, L, u, p, v and there are 3 base dimensions M, L, T. A
dimensional balance check

[F19 (L1 (] [p) V)¢ = (MLT_Z)a Lt (ML_lT_l)c (ML_3)d (LT_I)E

= [1] (2.102)

indicates that
a+c+d=0 (2.103)
a+b—c—3d+e=0 (2.104)

—2a—c—e=0 (2.105)
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we have a system of 3 equations in 5 unknown exponents a, b, c, d, e.

a
101 1 0 b 0
1 1-1-31 c|=1]0 (2.106)
-20-1 0 -1 d 0
e

Therefore, if we pick 2 of the variables, then we are able to solve for the other 3. Let
us take a and e and solve for b, ¢, d, to obtain

b=ce c=—-2a—e d=a+e (2.107)

Having the difference between the number of variables and base dimensions,
5 — 3 = 2 indicates that we will have two m-variables, 7| and 5. Assuming a = 0
and e = 1 we have

b=1 c=-—1 d=1 (2.108)
and therefore,
L
= =P (2.109)
nw

b=0 c=-2 d=1 (2.110)
and therefore,
F
7= 2 @2.111)
"

We have found two sets of solutions u; and up

a 0 a 1
b 1 b 0
u=|c|=1-1 wm=|c|=]-2 (2.112)
d 1 d 1
e 1 e 0

and any solution of Eq. (2.106) can be written as a linear combination of u; and
up, as u = ciuy + cyup, where c¢1 and c; are scalars. The m-theorem says that the
physical law relating these variables can be written in the form

h(ry,m)=0 (2.113)
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or

= hy (mT2) (2.114)
or

72 = ha (1) (2.115)

for some functions of %;. Therefore,

L F
il =h1<—'20> (2.116)
1 I
or
F
v:im(_f) (2.117)
Lp M

The equation w = hj (71) is equivalent to say that the nondimensionalized force
Fp/u? is a function of the nondimensionalized velocity vLp/pu.

Let us linearize the function /2 (x) = hy (Fp/p?) for x — 0 and approximate
the function for small x as

hy (x) ~ kx (2.118)
dh

k= lim =% (2.119)
F—0 0x

and determine an approximate equation for the velocity v at low speed.
VAR — (2.120)

The dimensionless variable 1 is called the Reynolds number. Reynolds number
is shown by Re, after Osborne Reynolds (1842-1912). Re is to characterize the flow
of a viscous fluid. The Reynolds number is also defined as Re = vL/n, where
n = w/p is the kinematic viscosity of fluid, L is the representative linear dimension
such as the diameter of a sphere, and v is the relative velocity of the object and the
fluid.

A result of the above dimensional analysis is that the set S; of initial variables

S1={F,L,pn, p,v} (2.121)

is equivalent to the set S» when two of the original variables are substituted with |
and 77, such as

S1={m1, L, p, w2} (2.122)
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Example 57 Newton’s Gravitational equation.
Let us write the Newton Gravitational equation

mim3

F=G— (2.123)
r
in the following form

wi = G'mimSrd Fe (2.124)
1= (M_1L3T_2>u Mbymerd (MLT_2)8 (2.125)
1= Mfa+b+c+eL3a+d+eT72a726 (2126)

which provides us with the following equations:
—a+b+c+e=0 (2.127)
3a4+d+e=0 (2.128)
—2a—2e=0 (2.129)

There are three equations for five unknowns a, b, ¢, d, e. We may chose two of the
unknowns arbitrarily. Let assume a = 1, b = 1, then,

e=—1 d=-2 c=1 (2.130)
and therefore,
Gmimy
T = 2.131
1 772 ( )
The exponents e and a cannot be chosen because of a = —e. If we pick a

value for d, then Eqgs. (2.128) and (2.129) are inconsistent unless, d = —2a. These
problems appear because the dimensional analysis is ill to treat m| and m, as two
different masses.

Example 58 Large elastic deformation.

In the theory of elasticity, deformations are considered large when the relation-
ship between stress and deformation is no longer linear. The variables involved
in such problems are the elastic deformation y, force F, characteristic length /,
the modulus of elasticity E, the density p, and the gravitational acceleration g.
Therefore, we may assume an equation of the form:

fO.F.1LE,p,g)=0 (2.132)
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Having 6 variables y, F, [, E, p, g and 3 dimensions M, L, T provides us with three
TT-groups,

y F pgl
== =— == 2.133
TmET MT . MTE (2.133)
which can be expressed as
y F o pgl
=g =5, = 2.134
1 =8 <El2 E ) (2.134)
This is because of
[1] = [F1 1 [ET [p1 [g1° [y (2.135)

| = (MLT_2)a L’ (ML_IT_2>C (ML_3)d (LT_Z)eLf (2.136)

that yields:
a+c+d=0 (2.137)
a+b—c—3d—-2e+ f=0 (2.138)
—2a—2c—2e=0 (2.139)

We can pick three exponents arbitrarily. Let us assume f = 1,d = 0, e = 0 to have

c=0 a=0 b=1 (2.140)

my = % (2.141)
Assuming f =0,d =0, e = 0, we have
c=-—1 a=1 b=-2 (2.142)
and we get the second -group.
F
= — 2.143
Ty=pr ( )

c=-1 d=1 f=1 (2.144)
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and we get the third 7 -group.
3= —— (2.145)

Example 59 Pressure drop in a pipe.

Let determine the pressure drop Ap/I per unit length of a circular pipe in which
an incompressible Newtonian fluid flows. The pressure drop Ap/l might be a
function of the pipe internal diameter D, the fluid density p, the fluid viscosity
W, the mean velocity of the fluid through the pipe v.

f (D, PRTRR %) =f (D“,ob,ucvd (%) ) =0 (2.146)

As we know,
[Dl=L [w=LT"" [pl=ML">
[Apl=ML™'T2 (ul=ML™'T™! (2.147)

There are 5 variables (Ap/[, D, p, i1, v) and 3 dimensions (M, L, T) equal to the
rank of the dimensional matrix. The dimensional matrix A of this system is:

D p n v Ap/l
MO0 1 1 0 1
2.14
L1-3—-11 =2 ( 8
T 00 —-1-1 -2
01 1 0 1
A=|1-3-11 =2 (2.149)
00 —1—-1-=2
There is at least one nonzero rank 3 x 3 sub-matrix:
1 1 1
{pwap/i} —3-1-2|=-3.0 (2.150)
0 —-1-2

Therefore, there must be two m-groups. The dimension balance of Eq. (2.146)
will be:

A e
[1] = [D1° [p1” (] [v]? [T”} 2.151)
. —1p-2\€
MOLOTO = @ (ML_3>b (ML_IT_I) (LT_I)d (%) (2.152)
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A

Y

105

Fig. 2.4 A simply supported beam of length /, Young’s modulus E, cross-sectional moment of

area /, flexural rigidity E/, a distributed load of w (x)

This will give us three equations to determine 5 unknowns a, b, c, d, e to have equal

dimensions of M, L, T on both sides.

O=b+c+e
O=a—-3b—c+d—2e
0=—c—d—2e

Assuming e = 0, ¢ = 1, we find

and the second 7 -group will be found.

_(Ap/bOD _ Ap D
2= pv:  pv2l

Example 60 Elastic and small deflection of beams.

(2.153)
(2.154)
(2.155)

(2.156)

(2.157)

(2.158)

(2.159)

Consider a simply supported beam as shown in Fig. 2.4 of length /, Young’s
modulus E, cross-sectional moment of area I, flexural rigidity E I, a distributed load
of w (x). The deflection of the beam y (x) is governed by the following equation and

boundary conditions.
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d*y (x)
El o) = —w(x) (2.160)
d?y (0)
y(0)=0 —dx2 =0 (2.161)
B d*y ()
y)=0 ek 0 (2.162)

The deflection y of the beam is a function of the variables of [, E 1, w.
f O, LEL,w)=0 (2.163)
For a balance of dimensions, we must have
[11= [yl U1 [ET [w]? (2.164)
1= LeLb (ML_lT_zL“)C (MT_Z)d (2.165)

which provides a set of 3 equations for 4 unknown exponents.

c4+d=0 (2.166)
a+b+3c=0 (2.167)
—2¢-2d =0 (2.168)

Having 4 unknowns y, /, EI, w and 3 dimensions M, L, T, we must have one -
group. The first and third equations are not independent. Assuming d = 0, a = 1,
we get

c=0 b=-1 (2.169)
and the first -group appears
T = % (2.170)
Assuming d = 1, a = 0 we get
c=—1 b=3 (2.171)

Ty = — (2.172)
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Therefore, v will be a function of 7.

m =g (m2) (2.173)
v (0
7 —g(EI> (2.174)

Example 61 Period of rotation of a body in a circular orbit.
A particle of mass m is moving in a circular orbit of radius R by a central force
F'. The period of rotation p of such motion will be of the form,

p=g(m,R,F) (2.175)
or
f(p,m, R, F)=0 (2.176)
where
pmR F
T
T 100 -2
and therefore,
[1] = [p)* [m)" [R)° [F* (2.178)
| = T9MPLe (MLT—2)d (2.179)

which provides a set of 3 equations for 4 unknown exponents.

a—2d=0 (2.180)
b+d=0 (2.181)
c+d=0 (2.182)
Assuming a = 1, we have
1 1
d=— b=c=—- (2.183)
2 2

that determines the period equation (Zorich 2011).

p=C (2.184)
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54
Y
C=2nR
< >
\
Fig. 2.5 Rolling a circle one complete revolution base
Experiment will show that
C=2n (2.185)

Example 62 Y w = 3.141592 - - - as the first w-number.

Archimedes (288—-212BC) has proven the relationship between the circumference
of a circle and the area in the process estimating the value of pi very accurately.
pi = m is defined as the ratio of the circumference, C, divided by the diameter, D
of a circle.

C
= — 2.186
T=5 ( )
C C L
[r]1=]|—= =—[ ]=—=1 (2.187)
D [D] L
7 is a dimensionless number and as a result, all circles are similar.
C C
L= (2.188)
D D

Such a similarity and calculating 7 for only one circle makes us able to calculate
the circumference of any circle by knowing its diameter D or radius R.

C=nD=2nR (2.189)

Archimedes rolled a circle one complete revolution and made a right triangle with
base C and height R, as shown in Fig. 2.5. He then deduced such triangle is similar
for all circles and suggested the similarity Eq. (2.188).

To prove it, he found out that 6 equilateral triangles fit within the circle, as
shown in Fig. 2.6. Increasing the number of triangles embedded within the circle
and expanding the circle as shown in Fig. 2.7, Archimedes concluded the area of the
circle to be exactly equal to the area of the triangle.
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0

C=2nR

Y

‘ <

Fig. 2.6 6 equilateral triangles with side R fit within a circle

X
4]
Y
P C=2nR N
< >
Fig. 2.7 Expanding the circle into infinite number of slices show the area equation
CR 2A
A= — C=— (2.190)
2 R
and then, he discovered the equation of area.
A=nR? (2.191)

Using this approach he increased the number of triangles to 96, and calculated the
bounds of 3.1408 < & < 3.1429.

Calculating the value of m is the most fascinating problem in the whole
mathematics that kept mathematicians busy for several centuries. Not being able
to measure circumference of a circle based on its diameter or vice versa seemed to
be a mystery. That was because no one knew the exact area of a circle as a function
of its measurable radius. It is interesting to know that it has now been calculated to
ten trillion digits (Beckmann 1971; Allen 2014; Dunham 1990; Gullberg 1997).

From the available documents and evidences it is known that the Babylonians,
the Egyptians, the Chinese, the Indian, and the Persian were aware of the existence
and significance of the constant 7w as the ratio of circumference C of a circle
to its diameter D. As far as we know, before 2000BC, the Babylonians used the
approximation of

1
n~ 3 (2.192)
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and Egyptians used the approximation of

8 2
T4 (6) (2.193)

Example 63 Problems of Buckingham theory.
There are several unsolvable problems with application of Buckingham -
theorem. Among them are:

1. The correct involved variables.

The hardest part of the dimensional analysis is determining what the relevant
variables are as the wrong determination may end up in wrong analysis. The
below example illustrates the concept.

We might have assumed that the escape velocity v is dependent on the mass
of the planet m1, the mass of the object m», the planet radius R, and the universal
gravitational constant G. In this case, we would have

[v]= LT = [Cm‘l“m;szGc] = Matarh <L3T_2M_1>C
= Mertaemeppiiep -2 (2.194)

and the exponents equations would be

O=a;+ay—c (2.195)
1=b+3c (2.196)
—1=-2¢ (2.197)
with the solution of
ai+a=1/2 b=-1/2 c=1/2 (2.198)

that ends up to have a wrong escape velocity equation.

v = ¢, SYmiym2 Vm]; v (2.199)

2. Dimensional analysis informs us that there is a relationship; however, it does not
determine what the relationship is, except in the case of a single 7 |-group. To
determine the relationship we need a theory, such as Newton equation of motion,
or experimental data analysis. The Buckingham rr-theorem is ill to provide either
a unique or a complete solution to a problem.
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Example 64 YFundamental theorem of dimension theory.

The 7w Buckingham theorem is sometimes called the fundamental theorem of
dimension theory and rephrased as below.

Consider the general case of the dependent variable y and independent variables
X1, X2, X3, + - - , X,. Assume that only the first k independent variables are physically
and dimensionally independent.

yzf('x13x27x3"" 7le) (2'200)
By taking x1, x2, - - - , x¢ as the units of measurement of the corresponding quan-
tities. We may use xp, xo, - - - , x; to change the scales of physical quantities by
setting o1 = xl_l, oy = x2_1,~ LA = xk_l and rewrite Eq. (2.200) relating to the
dimensionless quantities.
ni:g(lvla"'7157T177T277T33"'77Tn—k) (2201)
y

Ti= a4 4 (2.202)

'xl xz . e 'xk
n,:% i=1,2,---,n—k (2.203)

xp Xyt

Equation (2.201) may be rewritten in the form

y=a{ag o g (L1 L g s ) (2.204)

Thus, by using the scale homogeneity of the dependencies between physical
quantities we may reduce the number of variables. The possibility of such a
transition from the general relation (2.200) to the simpler relation (2.204) forms
the content of the w-theorem, which is the fundamental theorem of the theory of
dimensions of physical quantities.

2.2 Nondimensionalization

Consider the general equation of the dimensional dependent variable y and dimen-
sional independent variable x.

dny dy d2y d3y dnfly
_ A A A 2.205
dx f( Y ar ar an donT1 (2:205)
The equation may be transformed into a nondimensional equation
"y  x§ dYy yod*Y d*ly
=20 f(xox, yov, 25 B 20 (2.206)
axn Y0 xodX xg dXx? xl(§71 dXk-1
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by introducing dimensionless variables ¥ and X using dimensional characteristics
Y0, X0-

y=2 x=2= (2.207)

Proof We define the constant dimensional characteristic parameters of yg and xq to
introduce the nondimensional dependent and independent variables Y and X.

y=2 Xx== (2.208)

The derivatives will be redefined as

d _ddX 14

— = (2.209)
dx dX dx xodX
> d (1 d\ 1 d* 2.210)
dx?*  dx \xodX) x}dX? ‘
av 1 4t
_—= = 2.211
dxk x’(j dxk ( )
therefore,
d dy
@ _ Yt (2.212)
dx xodX
dy  yo d*Y
— == 2.213
dxk  xkdx* ( )
Substituting the dimensional variables will provide us with
d"y dY yod’Y =1y
y_(]i = xOXvYOY,&_1 y_(z)_zv"' 9%T (2'214)
Xy dxn xodX xg dX xO_ dX*—

Nondimensionalization of equations is the best use of dimensional analysis to
reduce the number of variables into the absolute minimum number. The equation
may be an algebraic equation or a differential equation. The nondimensionalization
of equations is very useful in generalization of the results. Algebraic equations
are such as constitutive laws or solution of equations of motion, and differential
equations are such as the equations of motion of a dynamic system. Although
majority of differential equations are nonlinear without analytic solutions, nondi-
mensionalization of differential equations is the best method for: (1) to reduce the
number of variables, (2) to express the numerical or analytical solutions, (3) to make
possible transfer of data between model and prototype.



2.2 Nondimensionalization 113

An example of each case will show the idea of nondimensionalization, its
usefulness, and reduction of the number of variables.

1-Algebraic Equation Consider the dimensionally homogeneous algebraic
equation
4

f(xyzl)_xy—axiﬂyz sm<l> 0 (2.215)

where [x] = [y] = [z] = [/] = L and [ is a constant length, a is a dimensionless
parameter [a] = [1], and b is a dimensional parameter [b] = L. The dimension of
f as well as every term of it is L3. The equation will be made dimensionless by
dividing each term by cube of reference length, 3.

2 2

Xy z X<y Xy y
f(7.7.5) =R e +oin(})
2 Xy! 2
= XY —a -7 + BZ“sinY (2.216)
where
X y Z b
X=- Y= Z=> B=- (2.217)
l l l [

We have expressed a relationship among six quantities (x, y, z,!, a, b) in terms
of five dimensionless quantities (X = x/I, Y = y/l, Z = z/l,a, B = b/l).
Nondimensionalization is done by dividing every dimensional quantity of the
equation with a constant quantity of the system with the same dimension and
simplifying the result in terms of new dimensionless quantities.

2-Differential Equation Consider the single degree-of-freedom linear forced
vibration system of Fig. 2.8. The equation of motion of the system is:

mx + cx + kx = F sin (wt) (2.218)

The equation of motion has two variables: x and ¢. Let us define a characteristic
length x¢ such as static deflection of the mass m under the constant force F, and a
characteristic time #,

F 1
X0 = — o= — (2.219)
k w
to define nondimensionalized displacement X and time t
t
X=2=2 1o —u (2.220)

xo F/k 1o
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f =Fsin(ot)
L

A A A IS SIS SIS SIS SIS SIS SIS,

Fig. 2.8 Forced vibration of a linear vibrating system

and replace the actual variables x and 7.

F T
x=x0X = —X t =1t =— (2.221)
k w
Using nondimensionalized time t, we may redefine derivatives as
dx FdX FdXdt F _,
dt k dt k dt dt k
. ddx Fd , Fdr d , F 5 _,
= ——=—— = ——— =—wX 2.223
Y= T ra ) = T X = (2223)
, dX ., d’X
X == X' =—= (2.224)
dt dt?
The equation of motion may now be rewritten as
F F F
Ema)zX” + EcwX/ + ;kX = Fsin (1) (2.225)
After dividing by F/k
mo* X" + coX' + kX = ksin (1) (2.226)
and dividing by mw?
k k
X'+ X'+ X = —sin(7) (2.227)
maw maw maw

will simplify the equation to
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r2X" 4+ 26rX' + X = sin (z) (2.228)
n%n/{ + 273wy + 1 = sinmy (2.229)
where
X w
—x=_ X —r =2 2.230
T Frk Ty =r o ( )
My—E=—  mi=1=or (2.231)
Cc
k
on=+/—  cc=2km (2.232)
m

Therefore, the original Eq. (2.218) with variables x, ¢, and five parameters m, c, k,
F, w, has been nondimensionalized to Eq. (2.228) with two dimensionless variables
X, t, and two parameters &, r.

The number of remaining dimensionless quantities would be the same number
determined by Buckingham -theorem. Nondimensionalization and rr-theorem are
equivalent in terms of reduction of the number of variables into the absolute
minimum number. ]

Example 65 Forced vibration of a linear vibrating system.

The beauty of nondimensionalization appears in the generality of the solution of
equations. Consider the linear vibrating system that is shown in Fig. 2.8 with the
following equation of motion:

mx + cx + kx = F sin (wt) (2.233)

which will be transformed into the below nondimensionalized differential equation

r2X" +28rX + X = sin (7) (2.234)
X w Ik
7'[1:X:— 7'[2:]":— (,()n: —_— (2235)
F/k wp m
ny=f=— my=t=ot cc=2Vkm (2.236)
Cc

X0=— tg=— (2.237)

to define nondimensionalized displacement X and time 7.

Tt ! y (2.238)
_——= T = — = .
X F/k Vo ©
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Let us search for a harmonic steady state solution for equation of motion (2.234).
Because the equation of motion is linear, the steady state solution must be a general
form of the excitation.

X = Asin(t) + Bcos (1) (2.239)
X' = Acos(t) — Bsin (1) (2.240)
X" = —Asin(tr) — Bcos (1) (2.241)

Substituting the solution and its derivatives into the equation of motion provides us
with

r? (—Asin(t) — Bcos (1)) +2&r (Acos(t) — Bsin (1))
+Asin (t) + B cos (t) = sin (1) (2.242)

Separating sin and cos functions makes two equations

246r —Br* +B =0 (2.243)
A—2BEr — Ar* =1 (2.244)
to find A and B,
26r 1—r>T[A] _[O
L[S0
to be equal to:
1—r?
A= 5 (2.246)
(1—r2)" + (2&r)?
28r
B=-— (2.247)

(1—r2)* + (26r)?

Therefore, the steady state solution of Eq. (2.234) is:

X = 1—r? sin (T)
(1—r2)* + (26r)?
28r

_ (1 - r2)2 N (zgr)z cos (1) (2.248)

= Xpsin(t — @) (2.249)
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or
T = ms58in (T4 — 7g) (2.250)

where

75 =Xo=A2+ B = ! (2.251)
J =)+ @sr?

B 2&r
Te=tangp = —— =

=T (2.252)

The mr-groups of 75 and 7¢ are not independent as they are functions of 7, and 3.

1

75 = - (2.253)
JO =722+ @ramay?
2

76 = T2 (2.254)
1 —m3

The solution X of the vibration of the system is a function of single variable T and
two parameters, r, .

X=f(& 1) (2.255)

All four quantities X, r, &, T are dimensionless. Therefore, Eq. (2.248) is equivalent
to

] = f(7T2,7T3’7T4) (2.256)
X
=X=—-— 2.257
7 Frk ( )
w
Ty=r=— (2.258)
Wy
C
Ce
T4 =T =0t (2.260)

Let us review this problem from the dimensional analysis and 7 -theorem viewpoint.
There are 7 dimensional quantities involved in this vibrating system, the variable
displacement x, and time ¢; and parameters mass m, damping c, stiffness k, force
magnitude F, and force frequency w. There are 3 dimensions in this problem: time
T, length L, mass M. As a result, there must be 4 = 7 — 3 dimensionless 7 -group,
that we may assume to be expressed in the form of 71 = f (712, 3, 7r4). Therefore,
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3 T \ f=Fsin(wr)]
Line of maxima oo I\A

Xy &
Flk
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Fig. 2.9 The dimensionless amplitude X as a function of r for different values of &

instead of working with 7 variables, we may take advantage of dimensional analysis
and only work with 4 variables and fully discover the behavior of the system.

Dimensional analysis is able to determine the m-groups; however, it cannot
determine the function f as we did in (2.248). To be able to determine f, we must
use another science such as dynamics, differential equations, linear algebra, etc.

The amplitude X of the harmonic steady state response is of interest in
engineering. The amplitude Xy is only a function of two dimensionless variables
r, &, and therefore it is possible to illustrate their relationship by a surface in a three-
dimensional space of (Xg, r, £), or plot Xg as a function of r for different values of
& as is shown in Fig. 2.9 (Jazar 2014).

Example 66 A two degrees-of-freedom (DO F) system.

Figure 2.10 illustrates a two D O F forced vibrating system such that a secondary
system (ma, ko, ¢2) is attached to a primary forced excited system (m1, k1, c1). The
equations of motion of the system are:

mixXy +cix1 +cp (X1 —x) + kixy +ky (x1 —xp) = Fsinwt (2.261)
maXo — ¢y (X1 — X2) —kp (x1 —x2) =0 (2.262)

which can be found by using the kinetic and potential energies K, P, and the
dissipation function D of the system

1 1
K = Eml)'c% + Emzx;% (2.263)

1 2 1 2
P = skixi + ska (1 = x02) (2.264)
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/
(A A T i o i

Fig. 2.10 A linear two degrees-of-freedom forced vibrating system

I ., 1 . )
D= Eclxl + 502 (X1 — x2) (2.265)

and employing the Lagrange equation,

d 0K 9D 0P _
dt9q; ~ 9q;  9q;
q1 = X1 q2 =Xx2 (2.267)

F i=12 (2.266)

We find the equations of motion as (2.261) and (2.262), or equivalently as:

|:m1 0 i||:xl:| |:C1+Cz —C2:| |:x1]
. |t .
0 my || X2 —C2 X2

ki +ky —kp F sin wt
= 2.268
* [ —k2 k2 } [ 0 ] (2208

Having the differential equations of motion of the system gives us the option to
make the equations nondimensionalized and solve them, or solve the equations and
then nondimensionalize the results.

We define the characteristic displacement xq as the static deflection of the mass
m1 under the constant force F, and a characteristic time #

F

= — 2.269
I ( )

X0 fo =

1
1)

and define nondimensionalized displacements X1, X5, and time .
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X1 X2
X

- 5 = T = ot
F/k F/ki

X =
Now we can replace the actual variables x1, x2, 7.
F
x1 = x0X1 = — X
ki

F
Xy = x0X2 = k_X2
1

Using the nondimensional time T we may redefine derivatives as

. dx1 F dX1 F Xm F ,
X1 = = = —wX]
dt k] dr k] dr k1
. dxz FdX2 F dX2 F X!

Xy = = —w
2T Thodr kA K2

ddw _Fd ., _ Fdid

F
2 _ _ 2=~ X/ _ - ZX//
NT A dr T kdr (0X;) k. di dt (0X1) Tl
. ddw Fd, _, Fdtd, . g
= = - = X
REu A T kdr (0X5) k, di dt (0X3) 0"
X/—dX X/,_d2x
T dt T dr?

The equations of motion (2.261) and (2.262) may now be written as:

o F
miw —X1 +clw

L F(X - X5)
k1 1 C2wk 1 2

ki

—|—FX1+F (Xl X,) = Fsint

mow —X2 — cow—

F ko
X’ X)—-F=X1—X2)=0
k ( 2) kl(l 2)

ki

After dividing by mw? F/ ki we will have:

X// + X/ _"_ X/ X/
miw miw ( 2)
k1 k2 kl .
+ X1+ (X1 —Xp) = sint
miw? miw? miw?

(2.270)

(2.271)

(2.272)

(2.273)

(2.274)

(2.275)

(2.276)

(2.277)

(2.278)

(2.279)

(2.280)

(2.281)
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A xy =acos(or)
“«—

12

>l >

driver
/\ I:I X
l
) /2

Fig. 2.11 Transverse vibration of a simple beam with length /, under axial tension

ma .., 2 / / ko
=X/ - X —X))— —— (X1 —X2) =0 2.282
m 2 miw ( 1 2) m1w2 (X4 2) ( )
which will be
P2 XY 428 X + 28,0 (X — X5)
+X; +a?(X] — Xp) =sint (2.283)
er?Xy — 26, (X] — X5) —o? (X1 — X2) =0 (2.284)

using the following nondimensional quantities:

r=— (2.285)

[k [k [k
T e B L .2 (2.286)
mj my w1 ek

Nondimensionalization reduced a problem with 3 variables, x;, xz, ¢, and 8
parameters, m1, ma, k1, k2, c1, ¢2, F, w, into an equivalent problem with 3 variables,
X1, X2, 7, and 5 parameters, €, £, §,, o, 1.

Example 67 Transverse vibration of a longitudinally excited beam.
The equation of transverse vibration of a simple beam with length /, shown in
Fig. 2.11, under axial tension is:

aty 8%y 92
ElI-2 + pA~2 = F
axt TP T s

[ [
——<x <= (2.287)
2 2

~<

[\S]

where p is the mass density of the beam, F is the tension in the beam, E[ is the
flexural rigidity, and A is the cross-sectional area of the beam.

Let us define the nondimensional variables Y , X, and t by introducing their
dimensional characteristics yg, xg, 9.
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—1 R Vol (2.288)
Yo = X0 = 0= El .
y=2 x== . (2.289)
= - = — T = .
! ! VPAI*/(ET)
Employing Y , X, 7, we have
9% 1 9%y 92 1 9%y
gy_22 4y _222 (2.290)
axt T Boax4 ax2  19Xx2
3’y l 3%y 2.291)
ar2  pAl*/(EI) 372 '
that transforms the equation into:
3ty N 9%y » 9%y 1 1 (2.292)
— t+—=P— ——<x <z .
axt T a2 T T axe 2 -T2
where
FI?
P=_—" (2.293)
EIl

To answer the question how 7y has been defined, let us assume 7y is unknown, then
we have:

oty 1 9% 3%y  193%Y
o T Eax ax 10X 229
2y 19d%
5 = Pl (2.295)
and hence Eq. (2.287) becomes:
EI 3*Y  pAld*y Fd%y
Toxit 2 el Tl (2:296)
Dividing by E1/[? simplifies the equation.
3*Y Al* 92 FI? 3?
LI Y _ J (2.297)

4+ —_—— = — =
OX* " EIZ 9 EI 9x?

Because the first term of the equation, 3*Y/dX* is dimensionless, all other terms
will also be dimensionless. Therefore, the dimensionless coefficient of the second
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term indicates that

Al*
[" 2} =1 (2.298)
EIf
and hence, we must have:
Al*
[’OE_I} =72 (2.299)

A dimensional check shows that it is correct.

= =T 2.300
i ( )

|:,0Al4i| (ML73) L?L* 5
(MLT-2L-?) L*

As a result we may introduce the characteristic time g as:

pAl4
t) =, —— 2.301
0 i ( )

The last check would be dimension of P.

P FI?7  (MLT™*)L? . (2.302)
P1= [EI] - (MLT2L-?) L4 '

Therefore, the dimensional Eq. (2.287) with 3 variables y, x, t and 5 parameters p,
F, EI, A, and [ has been reduced to a nondimensional Eq. (2.292) with 3 variables
Y , X, and 7 and only one parameter P (Esmailzadeh and Jazar 1997).

Example 68 Simplifying a nondimensionalized differential equation.
The following equation defines the transverse vibration of the beam shown in
Fig. 2.11 that is longitudinally excited.

oty N 9%y » 9%y 1 1 (2.303)
— t+t—=P— ——<x <z .
x4+ 972 X2 2 2

Let us apply the separation method and search for a solution of the form:
Y =f(r) gX) (2.304)

where the fixed ends require g (+//2) = 0. Considering the fundamental mode of
vibration for the spatial function g (X),

g (X) = Hcos (7 X) (2.305)
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where H = h/I is the nondimensionalized transverse amplitude of the beam at its
midpoint. Substituting the separation solution

Y = f(r) Hcos(mX) (2.306)
in (2.303) provides us with an ordinary differential equation for f (7).

f () 7*H cos (T X)
+f" (v) Hcos (nX) = —Pf (t) 72 H cos (1 X) (2.307)

f(t) + (7[2 + P) f@=0 (2.308)

The elongation of the beam consists of three components: (1) the initial applied
stretch X, (2) the driving amplitude X4, (3) the elongation caused by the transverse
deflection §. The elongation of a deflected beam in the form of (2.305) for
dY/dX << 1lis:

. NG
5=/(ds—dX)=/ 1+<—> dX —dX
—1,2 dXx

12 1 qy \? 1
~ — ) dX = ~n*H?F? 2.309
fo ( dX) S (2.300)

Therefore, the dimensionless tension P is:

Pl x4 xycos ) +5
= — = COS (w
El 0 d
1
= Xo + Xgcos (1) + Zn4H2f2 (2.310)

Substituting all the results in Eq. (2.308) provides a parametric nonlinear ordinary
differential equation to determine the time function f (7) (Esmailzadeh and Jazar
1997, 1998; McLachlan 1956).

£ (1) + 7 (7[2 + X0 + X cos (r)) )+ j—tn6H2f3 (=0 (2311
It is Mathieu-Duffing equation of the form
"+ (ki +kacos (1) f+ k3 f3=0 (2.312)
with

ky = 7? (n2 + Xo) (2.313)
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Fig. 2.12 The planar bicycle vehicle dynamics with steerable front wheel
ky = w2 Xy cos (1) (2.314)
k3 = -n%H? (2.315)
Example 69 Planar model of vehicle dynamics with v, = cte.

Consider the planar bicycle model of vehicle dynamics with steerable front wheel
as is shown in Fig. 2.12 (Jazar 2017, 2019).

Uy = Q +r vy (2.316)
m
. 1
vy = o (—alcaf + asz) r
1

1
(Cay + Car) vy + —Cafdy —rvs (2.317)

X

. 1
F = o, (—a]ZCaf — a%CM> r

1
(a1Caf — azCar) vy + —alcafo (2.318)
L vy I;
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There are 5 variables: forward velocity vy, lateral velocity vy, yaw rate r, time
t, steer angle of front wheels § r. The steer angle variable is dimensionless. There
are 7 parameters: vehicle mass m, traction force F), distance of front and rear axles
from mass center a; and ay, front and rear tires’ side slip coefficients Cy r and Cy,
mass moment of the vehicle about the z-axis, I, where wheelbase [ = a; + a3 is
not independent (Jazar 2017, 2019).

An applied method of analysis of the planar bicycle model in vehicle dynamics
is to assume the forward velocity is constant vy = cte. Based on this assumption we
may define the following dimensional characteristics for the remaining dimensional
variables vy, r, t:

l Uy

Uy, = Uy ty = - ro = 7 (2.319)
X

and hence, we define the new nondimensionalized variables.

Uy r t
v, =2 = T = (2.320)
Ux v/l [/vx
Therefore the derivatives would be:
dvy dVy dVydt v2dV, v2 |
YE L T T g ar T 1 de 1Y (2.321)
jodr _wdl wdlde  widl v (2.322)

Tdt ldt ldrdt 12dt 1

Substituting the variables in the second and third equation of motion

U% , Ux
—Vy = ” (=a1Caf + a2Car) - T
——(Cay+C )vv+ic 5 — Iy (2.323)
— af ar) Ux Vy m afof i X ’
2
v 1 5 2 v
= (~aiCuy — a3Cur) =
1 1
- (a1Cof — a2Car) V4 Vy + —a1Cu ¢ (2.324)
L;vy I

and simplifying the equations generates the following nondimensionalized equa-
tions:

vy = pove (—a1Coy +a2Cor) T
! !
- (Caf + Car) Vy + —5Cayds =T (2.325)

X X
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[

2 2
- . (_alcaf _ azca,) r
? 12
e (alcaf — azcw) Vy + —2a1Caf8f (2.326)
Iva Iva

We may rearrange them

) ai ap
’_
Vi = g (S Car+ G T

!
(Caf + Car) Vy + —5Cuyds =T (2.327)

2
muvy X

I
M=-—— (—a%caf - agca,) r

Lvg
12 12
-7 (alcaf — azcm) Vy + —2a1Caf6f (2.328)
Ivz Ivs

to become appropriate for final simplification.

vy = (—a—llc”’f + @—lc‘"> r

I mvZ 1 mvZ
ICyr IC Ic

_ <_“§ n _“2’) Vy+ —Lsp -1 (2.329)
mv?  mv? muv?

o ai PCor a3 PCqr r
N\ 2 2 2 a2
va va

1’c I’c 3’c
(@ ter @l Tar )y, DRes Al (2.330)
[ I [ Iv? v |
Let us define
. aj _ [Cqy Gy
1 vr= mv?2 or= mv?2
Z3Caf l3Cozr
— - 2.331
wf IZU)% wr IZU)% ( )

to rearrange the equations into:

Vi=(—eo;+U—e)g, —1)T — (0, +¢,) Vy+ 98y (2.332)
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r= (—g%f —(1—¢)? w,) T — (s, —(l—e)¥,) Vy+e¥ 85 (2333)

or in a matrix form:

V3/’ :|: _((p.f+(pr) (pr_8(¢f+§0r)—li||:vyi|
U L —e (W +v,) v -0y, | T

Y1 s 2.334
+|:8':”fi| f ( )

Employing the dimensionless parameters and variables, the traction Eq. (2.316)
becomes

F)C
= W =

S -V, (2.335)

Therefore, the dimensional equations of motion of planar vehicle have been
nondimensionalized to a set of equations with 5 dimensionless variables: forward
velocity Vi, lateral velocity Vy, yaw rate I, time 7, steer angle § ¢, and 6 parameters:

g, Qof, Dys wf’ wr’ f

Example 70 Accelerating planar model of vehicle dynamics.

To study transient and accelerated behavior of vehicles we should consider and
nondimensionalize all 5 variables: forward velocity vy, lateral velocity vy, yaw rate
r, time ¢, steer angle of front wheels & ;. The equations of motion of planar bicycle
model vehicle dynamics with steerable front wheel, shown in Fig. 2.12, are (Jazar
2017, 2019, Milani et al. 2020):

F
by = — +ruy (2.336)
m
i) = — (—a1Cay + a2Car)
Vy = — r
y — a1Cofr Ta2Cqyr
1
o (Caf + Car) vy + —Caydy —rvx (2.337)

. 1
;= T, (—a%Caf — a%CM) r

1

I v,

1
(alcaf — azcw) vy + I—alcaf(?f (2.338)
z

To nondimensionalize the variables, we may define the following dimensional
characteristic parameters:
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Fig. 2.13 The kinematic indicators of a tire
IC ml C
v = af = ro = =2 (2.339)
m Caf ml
[ [ICus L(MLT-2
[vo] = of | = ( ) =VL2T2=LT"! (2.340)
m M
ml ML >
Cof MLT—
[ [Cus MLT2 .
rol = =, |——— =T 2=T" 2.342
[rol " ML ( )

Sideslip coefficient Cy f is the parameter that multiplies with tire sideslip angle o to

provide lateral force on tire.

Fy=—Cyra a=p—35 (2.343)

Tire sideslip angle « is the angle between tire plane and the velocity vector of the
tire. Vehicle sideslip angle § is the angle between vehicle x-axis and the velocity
vector of the tire. The steer angle § is the angle between vehicle x-axis and tire plane.
Figure 2.13 illustrates the kinematic indicators of a tire. The W indicates wheel
coordinate frame, set at the center of the wheel, and B indicates the vehicle body
coordinate frame set at the mass center of the vehicle, both permanently parallel to

the ground.

Employing the proper dimensional characteristic parameters, we define the

nondimensionalized variables.
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r r t t
M= _— — = — = (2.344)
ro Cay Io _ml_
mi Coy

Therefore the derivatives would be:

dv, dV dVX dtr  Cyr

CET T T ar T Tk (2.345)
dvy _ v dv,dt C
by = DY =g DY = T el (2.346)
dt 0" dt dt m 7
Cor dl C AT dt  Cyy
_ Jrerdl | [Ter @ AT Tof (2.347)
ml dt dr dt ml

Substituting the variables in the equations of motion

C F Cas [ICas
Syr=X g = [Ty (2.348)
m m ml m

C 1 C
Uy = (~a1Cay + arCar) | —LT
m [Cyy ml

my =V

1 ICyy
—W (Ca/ + Car) m Vy
my T Vx
1 C(th lCOtf
—Cofdf —/—1/ —TV 2.349
+m «for ml m Y ( )

C 1 C
—’:; r = —lc (—afco,f - agcm) n‘;‘lf r
Ly Sy,
1 lCa
— (alcaf azCar) Vy
Ly
2\ T Vx
1
+I—a1Caf8f (2.350)
Zz

and simplifying the equation make the following nondimensionalized equations:

F
~ 4TV, (2.351)

V.=
X Caf
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=1 (=a1Caf +arCor) T
y Co(flvx af ar
1
- Cor+Cyu)Vy+6¢—TV,
Cafo( Olf+ 0”) y+ f y
C 1 Cor
2 (—alzCaf—ang) b A
ml lCafV ml
I
1 e
——(alcaf—azcar) _any
lCa m
V
1
—i——a]Caf(Sf
I
l 2 2
= ——— | —a;Cqr — C,)F
Izcafvx( al (Yf a2 o
M (01Cap — axCar) Vy + a1 Cay
- _ — 4
Izcafvx 1Caf 2Car) Vy IzCozf 1Cafof

We may rearrange them to become appropriate for final simplification.

Vi=—"+TV,

Caf

=

C
NERTIE
l I Cuf

Cor\ V
—(1+ "”) = +8;, TV,
Car

- _ma% B ma% Car L
B I, I, Cur) Vi
<mla1 mlay Cm> vy + mlay

— -2 Sf
Iz Iz Caf Vx Iz
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(2.352)

(2.353)

(2.354)

(2.355)

(2.356)

(2.357)
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X Y
!
X
m
xg =acos(or)
> V
Fig. 2.14 A cantilever beams with base excitation and tip mass
Let us define
C 12 F
e=l = 2B o (2.358)
l Caf IZ Caf
to rearrange the equations into:
Vi=p+TV, (2.359)
V! = ((1-¢) )F 1+ )V"+3 rv. (2.360)
= —g)c—¢g)— — c) — - — .
y Vs v, 7 v
’ 2 2\, T Vy
r =—((1—e) c+8>e——((1—e)c—s)e—+8€6f (2.361)
Vi Vi

Therefore, the nondimensionalized equations of motion of planar vehicle dynamics
has a set of 5 dimensionless variables: forward velocity V, lateral velocity V,,, yaw
rate I', time 7, steer angle § 7, and 4 parameters: ¢, c, e, p.

Example 71 A cantilever with end mass and vertically base excitation.

Cantilever beam with base excitation and tip mass is a good model of many
vibrating mechanical and micromechanical systems. Figure 2.14 illustrates the
model.

To derive the equations of motion of the system, we may use the Lagrange
method. The kinetic energy K of the tip mass m is:

TP
K =m (Y2 + (ta — X)Z) (2.362)
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where x, is the vertical displacement of the base and (Y, X) are the coordinates of
the mass m with respect to a globally fixed coordinate frame at the base. There is no
kinetic energy associated to the massless beam. The total potential energy P of the
system consists of the strain energy due to bending of the beam and the gravitational
potential energy of the tip mass (Esmailzadeh and Jazar 1998).

1 Lra2y\°
P=-EI[ (Z2) dx —mgx 2.363
o1 [ (53) dx—me (2363)

Assuming dY /dX << 1 we have

12
! dy \? L /ay\?

X:/ 1+ (52 dx — dx :f D) dx (2.364)
0 dXx 0 ox

Employing separation method, we are able to connect the lateral flexural displace-
ment of the beam y to the lateral displacement of the mass, Y = y ([, 1),

yx, )=y, 1) fx)=Y f(x) (2.365)
where f (x) is the mode shape of the beam.
X
fx)=1—cos ((2n 1 E> (2.366)

Substituting (2.365) into (2.363) and (2.364) provides

1 1 32 2
P = —EIYZ/ TN —mgX
2 0 8)62

1 1
= —EIAY? — —mgBY? (2.367)
2 2
and hence,
1, . )
X = -BY X = BYY (2.368)
where
L2 2d (0 74 ]
A_/O<?) x_§<(n—l)2—l> (2.369)
B /l AN l((z 1)”)2 (2.370)
= - x==|2n-1) = .
o \ax 2 21

[A]l=L  [Bl=L"" (2.371)
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The Lagrangian £ will be
1 /. . .
L=K-P=3 (2 + B2Y2¥2 + 43 - 24 BYY)

1 2 1 2
—EEIAY + EmgBY (2.372)
Applying Lagrange’s method, the following ordinary differential equation of motion
will be found to express the lateral motion Y of the tip mass:

2v2\ v 4 p2yy2 o [ EL .
<1+BY>Y+BYY+ ZA—gB—Bi )Y =0 (2.373)
m
Considering
Xq = acos (wt) (2.374)
¥g = —w’a cos (ot) (2.375)

we will have

2v2\ v 2y 2 Er 2 _
1+ B*Y?) ¥V 4+ B>YY?+ ( ——A — gB+ Bolacos(wt) | Y =0  (2.376)
m

This is a nonlinear differential equation that will be reduced to by linearization.

Introducing
t=wf u=BY (2.377)
o _By g _Lu_By (2.378)
U — — = — U = —7F=—7= .
dt o dt?  w?

we have
2 2

(1 + u2> %u” + Bu%u/2
El 2 u

+| —A—-gB+ Bwacos(wt) | = =0 (2.379)
m B

that may be rewritten in a nondimensionalized form
(1 + u2) u +uu? + (p+qgcos(wt))u=0 (2.380)
where
(2.381)

El
—A—gB> q = Ba

_1
P=02\m
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Assuming u and u’ are too small then, Eq. (2.379) reduces to a Mathieu equation.
u” + (p+qcos(w))u=0 (2.382)

Example 72 Projectile in air.

Consider a projectile with mass m that is thrown with an initial velocity vg
from the origin of the coordinate frame in the (x, z)-plane. The air has a resistance
force —cv proportional to the velocity v. Assuming a flat ground with a uniform
gravitational acceleration g, the equation of motion of the projectile is:

dv

mo = —mgk — cv (2.383)
g = —gk (2.384)
g = 9.80665m/ s> ~ 9.81m/ s (2.385)

There are two variables, the velocity v and time 7. To make this problem nondimen-
sionalized, we use the characteristic velocity vo and time 7y = vo/g,

Vo = V0080 i + vy sinb k (2.386)

where 0 is the angle of vy with the x-axis. Then, we define the new variables

t
v="' = - (2.387)
Vo vo/g Vo

and,

dv_ v dV _ av

A L —— 2.388
di  wjgdt  fdr (2.388)
and therefore, we have
av N
mg— = —mgk — cvoV (2.389)
dt
Dividing the equation with mg will show the nondimensionalized equation
dv N R
Y My f_pv (2.390)
dt mg
p:C—W):@(cosGi—i—sinelz) (2.391)
mg mg
=pxi+pzk (2.392)

with only one vectorial parameter p (Jazar 2011).
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To solve the equation of motion we may integrate Eq. (2.390)

V=—tk—p®R+Vp) (2.393)
where
/ Vdr =R+ V, (2.394)
r vZ
R=— rg=-2 (2.395)
ro 8

Multiplying Eq. (2.393) by €P?, we have

d o
7 (Repr) = —pVyeP" — tePk (2.396)
T
and therefore,
pt pt 1 pt 7 1A
ReP" = —V()e — Fe (p'L' — l)k + V() — ?k (2397)

We have found the constant of integration such that r = 0 at t = 0. The position
vector of the projectile can be simplified to

R=Vy(e? —1)— [% (e +pr—1)k (2.398)

and therefore the velocity vector of the projectile is

dR 1 N
V=—=—pVpe P — —(1-eP)k 2.399
g = PVoe Pt (=) (2.399)
Substituting back the variable, we are able to express the results in dimensional
variables (r, v, t).

2.3 Model and Prototype Similarity Analysis

The similarity theory of model and prototype is the ultimate goal of dimensional
analysis. It is essential to make a laboratory model of a system to be able to
do experiment under controlled conditions and fine-tune the parameters to obtain
the desired behavior of the real system. The laboratory model of the real system
may be in smaller scale, such as model of an airplane, river, ship, or be in larger
scale such as model of a MEMS, resonator, watch, etc. Such a model is utilized
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to determine the best properties under future operating conditions. Many different
kinds of measurements are carried out on models: for example, the lift and drag
forces of an airfoil model can be measured in a wind tunnel. The similarity method
is to scale the results of the experiment carried out on a model up to the full scale of
the real prototype.

If a dimensional analysis indicates that a problem is described by a functional
relationship between nondimensional parameters 7 1, 72, 3, - -, then full similarity
requires that these parameters be the same at both prototype scale and model scale.
The modeling and similarity of physical phenomena are the central application of
the dimensional analysis. Two physical phenomena are similar if the values of their
corresponding dimensionless parameters 1y, - - -, 77, are identical between them.

The concept of physical similarity is a generalization of the concept of geometric
similarity. For example, two triangles are similar if they differ only in the numerical
values of their lengths of the sides as their dimensional parameters, while they
have equal angles at the vertices as their dimensionless parameters. Two physical
phenomena are called similar if they differ only in respect of numerical values of
their governing dimensional parameters.

Assume we are going to model a certain phenomenon in a real system. The
real system is called profotype and the experimental system is called model. It
is required that the model we wish to use to determine the desired properties
of the prototype, be similar to the prototype. Such similarity is guaranteed if all
dimensionless parameters 7; have equal values between them. Therefore, we have
the following relationship between the parameter a, such as temperature or speed,
to be determined and the governing parameters ay, - - -, ak, b1, -+ -, by,

a=f(ay, - ,ak, b1, -, bn) (2.400)

The function f is the same for both model and prototype, although the numerical
values of the parameters ay, - - -, ag, b1, - -+, by, and the determined parameter a
may differ. Therefore the relationship (2.400) for the prototype takes the form

ap = f(aP]v"' ,apy, bP]"" ame) (2401)

The subscript P will be used to refer to the properties of the prototype. Rela-
tion (2.401) for the model is similar in form and different in value.

ay = f(amy, - am. by, -+ . bu,,) (2.402)

The subscript M will be used to refer to the properties of the model. Employing
dimensional analysis, we obtain

np=g(mp. - .7p,) (2.403)
=g @M. u,) (2.404)
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where the function g is the same in both cases. It implies
TP, =T Mi, i=12,---,m (2.405)

which is called the similarity criteria. Hence,

g(mp. - mp) =8 (@M, . 7m,) (2.406)
Returning to the dimensional parameters ay,, - - - , apy, using (2.401), we find that
b c
ap =ay (ai) o (apm ) (2.407)
ap, am,,

which is the rule for scaling the results of measurements on a similar model up to
the prototype.

The model parameters ay,, - - - , apy, may be selected arbitrarily. The conditions
for similarity between the model and prototype are:
by cl
ay am
7'L'p1 = 7'L'M1 le = bpl <—1> ... (—k> (2.408)
a Py a Py

by Cm
wp, =Ty, b, = bp <al> (“ﬂ> (2.409)

Proof We may distinguish three fundamental types of similarities between mechan-
ical systems plus another one between thermal systems:

Geometric similarity: the ratio of all corresponding lengths in model and
prototype are the same; therefore, model is a shrunk or enlarged copy of the
prototype. Two shapes are geometrically similar if with proper magnification the
smaller one can be enlarged so that the two shapes can be brought into exact
coincidence. Two circles are always geometrically similar, the same is for any two
squares or two equilateral triangles. To have a model to produce reasonable result
to become transferable to the prototype, geometric similarity is necessary to be kept
as close as possible and it is the first step in the model and similarity analysis.

Kinematic similarity: the ratio of all corresponding lengths and times, and hence
the ratios of all corresponding velocities, in the model and prototype are the same.

Dynamic similarity: the ratio of all forces in model and prototype are the same.
For example, in fluid flow we must have the Reynolds number, Re = (inertial
force)/(viscous force) to be the same in model and prototype.

Thermal Similarity: Two systems are thermally similar if at their homologous
points, or surfaces, they have equal or homologous temperatures at homologous
times. If the heat-flow pattern in two objects is similar, then these objects are
considered thermally similar.
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The concept of designing similar systems is one of the oldest and most powerful
concepts in the natural sciences. This concept was developed mostly for physics
and engineering, and then it expanded to other branches of sciences such as biology,
ecology, economics, physiology, etc. Today no spaceship, airplane, ship, submarine,
and other large or small or expensive engineering product is built that do not
have their model first been tested in a wind tunnel, tow tank, sink tank, and other
environment similar to what the real system must work in. By building a model,
engineers reduce an object or a system to a manageable form. A model is useful
when it behaves similar to the actual phenomenon being studied (Granger 1995). B

Example 73 Model and prototype in engineering.

Generally speaking, model is a dummy, and prototype is the exact product. Below
they are more clarification.

Models have several characteristics: (1) Models are not necessarily functional
and they do not need to work. (2) Models can be to any scale, although they are
usually smaller, but can also be of the original size or bigger. (3) Models are used
for display or/and visual demonstration of prototype. (4) Models may consist of
only the exterior of the prototype it replicates. (5) Models are relatively cheap to
manufacture, unless they are highly sensorized.

Prototypes have several characteristics: (1) Prototypes are fully functional, but
not fault-proof. (2) Prototypes are actual version of the intended product. (3)
Prototypes are used for performance evaluation and further improvement of product.
(4) Prototypes contain complete interior and exterior. (5) Prototypes are relatively
expensive to produce.

Example 74 Y Archimedes law of lever.

It seems that Archimedes proposed the first similarity equation in his writing
“On the Equilibrium of Planes, Book I,” where he introduced the law of the
lever: Two weights balance distances reciprocally proportional to their magnitudes
(Dijksterhuis 1987; Leath 1897; Assis 2010).

mig X l] =mpg X lz (2.410)

Archimedes law of lever in dimensional analysis language may be written as:

mi
m_a (2.411)
my I
or

T =1 (2.412)
mi I

m=al g,z (2.413)
mo b

as illustrated in Fig. 2.15.
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m;

g
mj
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Y
A
Y

Fig. 2.15 Archimedes law of the lever

The first documented similarity concept belongs to Euclid who defined geometric
similarity in Volume VI of his “Elements” as: “Those straight-sided geometric
figures are called similar which have equal angles, and whose sides subtending equal
angles are proportional.” It was in proving the similarity of such geometric figures,
that Euclid presented his axiom of the parallel lines (Szucs 1980).

Example 75 Complete and incomplete similarity.

Complete or full similarity happens when all nondimensional 7 -groups are the
same in model and prototype. If complete similarity cannot be achieved, and one or
more nondimensional w-groups in model and prototype cannot be kept at the same
value, we have incomplete similarity.

As an example of complete similarity, consider the power P of a wind turbine
which is a function of blade length /, the wind speed v, the rotational speed w, the
density of the air p (Simon et al. 2017).

P=f(vop (2.414)

As we have 5 variables P,[,v,w, p and 3 dimensions M, L, T, dimensional
analysis will provide us with two m-groups as

% _y (%) (2.415)

where u is an unknown function. For a complete similarity between the model and
full scale prototype to show the same physical behavior, we must have

@)p =iy (2.416)

therefore,
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_ (L) — <L) (2.417)
SE P p \pvi2), '
v v
- (E)p = (E)M (2.418)

The relations for the scale factors for pressure P and velocity v between model and
prototype are

M PMm Uy lM
vp lp wp

_— = —— (2.420)
vy Iy om

similarly, we may evaluate different variables in prototype by calculating associated
scale factors k;.

op vy 13

Pp = _PTPTP Py =kp Py (2.421)
Py vy Ly
!

vp = (—Pﬁ> vy = ky it (2.422)
Iy oy

I, = (”—P‘”—M) In = ki Iy (2.423)
Uy wp

!

wp — (”_Pﬂ> ou = ko w1 (2.424)
Vm lp
Pp v3, 2

pp = (P——Af% Py =kppy (2.425)

M vp Ip

The length / and velocity v may also be calculated from the other -group.

P 3
= [ PM Mty (2.426)
Py pp vy

2
vp = — 5"V = kv UM (2.427)

Theoretically, we must have the same scale factors k; and k, either way, as we must
have:

kp ky
T ik =
ko k3 k; kike

1 (2.428)
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If both, model and prototype, are operating in the same fluid such as air, then
k,=1 (2.429)

As an example of incomplete similarity, consider a ship moving on water. The
water has viscosity i and density p. The ship has length / and speed v and flow drag
resistance force is F. The wave motion is affected by gravity, so the acceleration of
gravity g also needs to be included as a variable in dimensional analysis of the
system (Simon et al. 2017).

F=fd,v,unp g (2.430)
As we have 6 variables F, [, v, u, p, g and 3 dimensions M, L, T, we will have
three mr-groups as
F pvl v? vl v?
—s =ul—, = | =u(— — (2.431)
pv-l gl n gl
where
p=t (2.432)
0

is the kinematic viscosity of the fluid. The three m-groups are the drag coefficient
Cp, the Reynolds number Re, and Froud number Fr, respectively.

F

71 =Cp= pv2I2 (2.433)
vl

7y =Re = — (2.434)
n
U2

73 = Fr= = (2.435)
g

To have complete similarity, all dimensionless products for the model and prototype

must be equal.

_(_F\ _(_F (2.436)

S\ pv22)p \pv22),, '
vl vl
n/p N/ m
2 2

w3 = (“_> = (v_> (2.438)

gt/ p gl m

Employing the scale factors k;, we may rewrite the similarity conditions as
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velpkk _vmlv  kk_ (2.439)
np ky M &
v, k2 _ Vi k

gprlp kg k " gmlm kg ki

=1 (2.440)

Because the gravitational acceleration is the same for model and prototype, gp =
gum, we have the gravity scale factor to be equal to one, k, = 1. Furthermore, if the
model and prototype are both operating in water, then np = n,, and the kinematic
viscosity scale factor will also be one, k, = 1. Therefore, from (2.439) and (2.440)
we must have
k2
ky ki =1 k—'; =1 (2.441)

that imply k; = 1 and k, = 1. These indicate that the prototype and model must
have the same size and be operated at the same speed, which is against the purpose of
using scaled down model. To overcome this problem we may accept an incomplete
similarity by avoiding the Re number, and only work with Cp and Fr numbers.

Example 76 Nondimensional  -groups in thermofluid mechanics.

Dynamic similarity requires that the ratio of all forces between model and
prototype to be the same. The ratio of different forces produces many of the key
nondimensional parameters in thermofluid mechanics. Below you will see the most
important nondimensional groups frequently appearing in thermofluid sciences
(Yarin 2012)

Archimedes number (motion of fluid due to density differences, buoyancy)

pgL? gravity force
= (p—pf) ="

Ar -
2
7 viscous force

(2.442)

Biot number (heat transfer)

. hL  convection heat transfer
Bi = — = - (2.443)
kg conduction heat transfer

Bond number (motion of drops and bubbles)

. pgL? _gravity force

Bo = : (2.444)
o surface tension
Brinkman number (viscous flows)
Br — uv? __ heat dissipation (2.445)

" kAT ~ heat transferred
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Capillary number (two-phase flow)

Ca — By _ viscous force (2.446)

o surface tension
Damkohler number (momentum, and heat transfer)

WL chemical reaction rate
Da = — = (2.447)
Vin bulk mass flow rate

qWL heat released
Das =

= (2.448)
pvcp, AT convected heat

Darcy number (flow in porous media)

vL inertia force
Da = — = - f (2.449)
D permeation force

Dean number (flow in curved channels and pipes)

R R tri /
De — vRp |R _ ce‘n rlfu'ga force (2.450)
u r inertia force

Deborah number (non-Newtonian hydrodynamics, rheology)

T, Relaxation time

De = — = — (2.451)
t90  hydrodynamic time
Eckert number (compressible flows)
Ec— vgo _ kinetic energy (2.452)

cp AT "~ thermal energy

Ekman number (rotating flows)

Ek — no_ visc.ou.s force (2.453)
2pwl?  Coriolis force

Euler number (fluid friction in conduits)

. ov? _ pressuredrop

Eu (2.454)

Ap  dynamic pressure

Froude number (free-surface flows)
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v inertia force

Fr = = 2.455
" gL  gravitational force ( )

Grashof number (natural convection)
Gr — ng,Bl;AT _ bu.oyancy force (2.456)

u viscous force
Jacob number (boiling)
Ja o P Pr AT _ heat transfer. (2.457)
rpy heat of evaporation

Knudsen number (rarefied gas flows and flows in micro- and nanocapillaries)

A mean free path
Kn=—= e - (2.458)
L characteristic dimension
Kutateladze number (combined heat and mass transfer in evaporation)
_ latent hecft of phase change (2.459)
cp AT convective heat transfer
Lewis number (combined heat and mass transfer)
Le— k _ therm.al dif.ledsivity (2.460)
pcy, D diffusivity
Mach number (compressible flows)
l d
Ma=" = Jlowspee (2.461)
¢ local speed of sound
Nusselt number (forced convection)
Na — h_L _ total .heat transfer (2.462)
k conductive heat transfer
Peclet number (forced convection)
Pe — Lpvc, _ bulk heat transfer (2.463)

k conductive heat transfer
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Prandtl number (heat transfer in fluid flows)

ucp  momentum dif fusivity

Pr = = _ — (2.464)
k thermal diffusivity
Rayleigh number (natural convection)
o — nglgLffcp _ thermal e.xpans.ioln (2.465)
uk thermal dif fusivity
Reynolds number (viscous flows)
Re — pvL _ inertia force (2.466)

nw viscous force

Richardson number (stratified flow of multilayer systems)

Ri——(82P) [(2v) _ sravity force (2.467)
pdLy oLy /), inertia force
Rossby number (geophysical flows)

Ro:iz inei"tic'l force (2.468)
L Coriolis force

Schmidt number (diffusion in flow)

Se = Mo kinematic ?Jiscos'itly (2.469)
pD  molecular dif fusivity
Senenov number (convective heat transfer)
Se — h_m _ intel?sity of hea.t transfei.’ (2.470)
K intensity of chemical reaction
Sherwood number (mass transfer)
Sh— hp L _ _ mass difjfusivi.ty. 2471)
D molecular dif fusitivy
Stenton number (forced convection)
h heat transferred
St = (2.472)

puCy = thermal capacity of fluid
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Strouhal number (unsteady flow)

S — f_L _ time scale of flow (2.473)

v oscillation period

Taylor number (rotation on natural convection)

_ fL _ Coriolis force

Ta = — (2.474)
v viscous force
Weber number (surface tension)
2 . .
v°L inertia force
We="2""_ for¢ (2.475)
o surface tension

These groups occur regularly when dimensional analysis is applied to
thermofluid-dynamical problems. They can be derived by considering forces on
a small volume of fluid. Most of them can also be derived by nondimensionalizing
the differential equations of thermofluid flow.

Example 77 Water flow as a model for air flow.

Consider a prototype system of flowing air at standard conditions of 15°C
through a circular pipe of diameter Dp = 1.016m at a velocity v = 6m/s.
What would be the velocity of water flow at standard conditions of 15 °C through
a circular pipe of diameter Dy; = 10.16cm of a similar model. Then, using
experiment on the model and measuring the pressure drop of Apy; = 1.67 MPa,
what would be the pressure drop in the prototype?

To have dynamic similarity of a model and prototype that involve viscous fluid
flow having no interface with another fluid, the Reynolds numbers of the prototype
and model must be identical.

(va) - <va) (2.476)
HJp m S m

The density p and viscosity p of air at sea level are pp = 1.225kg/m> and
wp = 1.802 x 107> Pas, and the density and viscosity of water at 15°C are
oy = 999.1kg/m3 and p,; = 1.1375 x 1073 Pas. Therefore, to have dynamic
similarity between the prototype and model, the velocity of water in the model

must be
- (22) () (52)
vy =vp | — — —
pm/) \Dm/) \up

6 1.225 1.016 1.1375 x 1073
~ 71999.1 10.16 x 102 1.802 x 10—5

= 4.6438m/ s (2.477)
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Euler number indicates pressure drop in fluid flow.

Y

Eu (2.478)

Equating Euler number between prototype and model

2 2
<ﬂ> _ (ﬂ> (2.479)
Ap /), Ap )y
provides an equation to determine the pressure drop App in prototype by measuring
the pressure drop Apys in the model.

2
0 v
Apm <—P> (TP>
Pm UM

L67 % 106 1.225 62
' 999.1 ) \ 4.64382

= 3418.2Pa = 3.4182kPa (2.480)

App

Example 78 Velocity-length inverse relation.
Assuming that similarity between a model and prototype is achieved by equaliz-
ing Reynolds number.

Rep = ReM (2.481)

(vL_p) :(vL_,o) (2.482)
m ) H)m .

Using the same working fluid, up = @y, pp = pu», Would require a velocity
ratio inversely proportional to the length-scale ratio and hence impractically large
velocities in the scaled down model is required.

(L), = (WL)y (2.483)
2P = L—M (2.484)
vy Lp

In such cases it is needed to use different fluid to be able to test the model in lower
velocities. Let us assume to have a 1/10 scaled model,

Ly 1
- = — 2.485
Lp 10 ( )
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and we wish to conduct an experiment on a model at a velocity of 1/10 of the
operational velocity of the prototype.

1
e (2.486)
vp 10

Therefore, from another form of (2.482)
vL vL
(-) = (-) (2.487)
nJp N/ m

_UMLM _ 11 _ 1 (2488)
=T, T 10107 T 10077 '

we have

and we need a fluid that its kinematic viscosity 1y, = p/1p to be 1/100 of the
kinematic viscosity of prototype operating fluid. Water is the prototype operating
fluid that at # = 20°C has np = 1.0035 x 107°m?/s. So, we need a fluid with
ny = 1.0035 x 10~* m?/ s. The available fluid for the experiment is air with 1,, =
1.0035 x 10~* m2/ s at temperature ¢ = 650 °C at one atmosphere. It seems a costly
experiment to heat up the air to t = 650 °C.

Let us use air at room temperature for experiment with ,;, = 1.516 x 107> m?/s
at temperature ¢ = 20 °C at one atmosphere. Employing this air as model operating
fluid, we must do the experiment at velocity vy = 151v),.

L 1.516 x 1072
A Pl (2.489)
v, Lynp 1.0035 x 10~
It is still not very practical experiment due to very high velocity of the air. Such
an experiment might be more practical when the model is scaled up of a small
prototype.

Example 79 Kepler’s third law.
In Example 61, it was shown that the period p of rotation of a particle of mass m
moving in a circular orbit of radius R by a central force F is:

R
p =2 mT (2.490)

Let us accept the Kepler’s third law that says square of period of rotation of a planet
around the sun is proportional to the cubes of the radius of rotation. Therefore,

2 3
<ﬂ> = <&> (2.491)
D2 Ry
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Now assume that the Newton’s universal gravitation force is introduced as

F =™ (2.492)
Ra
From Eq. (2.490), we have
p1\>  miRi/F
<_> _mRi/R (2.493)
D2 myRy/ F)

Substituting F from (2.492) for planets m and m, with respect to a central body of
mass M yields:

mi Ry
2 A RO a+l

M/R R
Py _ miM/Ry - (2 (2.494)
p2 maRy R

maM /R
Accepting Kepler’s third law shows that
a=2 (2.495)

and hence, the Newton’s gravitation equation will be found correctly (Zorich 2011).

nipmy
R2

F=G (2.496)
Example 80 Constant velocity vehicle dynamics modeling.

Equations of motion of planar bicycle vehicle dynamics with steerable front
wheel are:

. Fy
Uy = — +ruy (2.497)
m
= —a1Cqf + arC
Uy o ( a1Cyr +az M)r
1
———(Caf + Car) vy + —Ca 8 —r vy (2.498)
VUx m

. 1 2 2
F = To, (—aICO,f — aQCa,> r

1

1
(a1Cof — a2Cqr) vy + T@1Caydy (2.499)
Z

zUx

The forward velocity vy, lateral velocity vy, and yaw rate r are assumed the main
variables of the system. The steer angle of front wheels 6  and traction force Fy
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are true inputs of the system. To simplify the analysis it is traditional to ignore the
mechanism of generating the traction force Fy, assume v, is constant, and consider
the dimensionless § ¢ is the only input. Therefore, vy, r, Fx are the outputs of the
equations and as a result of this approach, the first Eq. (2.497) becomes independent
of the other two equations.

Fy=—mrv, (2.500)

There were 8 parameters: vehicle mass m, traction force Fy, distance of front and
axles from mass center a; and a,, wheelbase /| = a; + a», front and rear tires’ side
slip coefficients Cy f, and Cy,, mass moment of the vehicle about the z-axis, 1.
The constant forward velocity is the best option to be used as a characteristic
velocity to nondimensionalize the remaining dimensional variables vy, r, 1,

!
Vo=V fo=—  rg= (2.501)
Uy [

and define the new nondimensionalized variables.

m=V,=2 g,=r=_" My=1 = — (2.502)
T T T T T T, |
The derivatives are:
) dvy dVvy dVydt v2dv, v, %
B TV T ar T a1 T (2309
;o= dr = v_xd_F_v_xd_Fd_r_v_%dF _ﬁr’zv_)%n/z (2.504)

Tdt ldt ldrdt 12dr 1 12

Substituting the variables in the second and third equation of motion, and simpli-
fying the equation provides us with the following nondimensionalized equations:

V/=<_a_11Caf a_lem>F

Y I mv2 1 mv?
ICay |, IC, IC
_ <_°‘2f + —“2> Vy+—Ls;—T (2.505)
muvy muvy muvy

2L 2 La?

’c 3’c ’C
(At @l Tar )y D Tes Ay (2.506)
[ 02 [ Iv? Lv? |

o ( alPCus o l3cm> -
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Let us define

ICqoy [Cqr BCof
Ty = = s =@, = Te = =
4 (Pf mv% 5 r mv% 6 Iﬂf IZU%
" ECar 5 l (2.507)
w7 = = Ty = Mg =¢=— .
7 T Lv? s ’ l
to rearrange the equations into:
Vi=(-epp+U—6)g,— )T —(p;+9¢,) Vy+¢dy (2.508)

r= (—g2wf —(1—¢)? xp,) D= (9, —(1—&)¥,) Vy +e¥ 8, (2.509)

or in a ;r-group form:

= @s—w3(ma+7s) — Do — (ma+7ws)wy +wamy (2.510)

mh = (w7 — 73 (w6 +77)) 72

— (n%ym —(1— 713)2 717) T+ T3meTg (2.511)

They may also be rearranged in a matrix form.
|:7t’1}:|: — (4 +75) n5—n9(n4+n5)—1}|:mi|
) w7 — 19 (e + 77) —n%n6 —(1=79)77 || 72

+[ 4 i|7T8 (2.512)

9T 6

Employing the dimensionless parameters and variables, the traction Equation
becomes

f= B _ rv. (2.513)
omu2/l Y '
T = —T17T2 (2.514)

To have similarity between model and prototype, we need to match their 7-groups.

T = vy Ty = d w3 = !
LT 2T 0/l 3T 1,
IC Ic 3’c
T4 = af _ ar e = af

TS5
muv2 muv2 2
Uy Uy I Uy
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’c
5 as =0 me =4 (2.515)
va

7 = l

Full similarity comes from matching all w-groups. The w19 = Fy/ (mv% / l) is not
independent as it is a function of 71 = vy /vy and 72 = 7/ (vy/l). The m3 =
t/ (I/vy) is only a change in time scale between the model and prototype and will be
matched automatically. The wg = § ¢ is the input measured in degrees or radian and
would be equal in both, model and prototype. The w9 = a;/! is the position of mass
center which must be the same in model and prototype vehicles. The 71 = vy /vy
and mo = r/(vy/l)r are the outputs of the equations of motion when they are
solved for a set of parameters and input 7§ = 6 y. Therefore, to be able to match the
output variables 71 = vy /v, and 72 = r/ (vy/[) r between model and prototype,
we must match only 5 w-groups:

to=ar/l  m4=ICas/ (mv)%) s = 1Cay/ (mv)%)
w6 =1Cay/ (Izvf) 77 =13Car/ (Izvﬁ) (2.516)

Setting w9 = ay/l to be the same between model and prototype, we must have
scaled down model with the same proportional location of mass center.

)~

Having set the speed of prototype (vy)p and model (vy),,, we may calculate the
required parameters Cy r, Cyr, m, I; of the model using 74, 75, we, 77.

(Cay) _mule (1) (Cay) (2.518)
af ) m mp Ly (”)%)p af)p

() m E (v3)

(Cor)y = T &, () (Car)p (2.519)
lM (Car)M (v)%)P
= -— 2.520
o lp (Car)P (U%)M ( :
(Car)pa By (v5)p
Iy = =3 (I) (2.521)
Y Cap)p 13 1)y T

This step might need trial and error to get the consistent set of parameters.

Example 81 Variable velocity vehicle dynamics modeling.
The general theory of planar model of vehicles is governed by the following set
of coupled ordinary differential equations. There are 5 variables in the equations:
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forward velocity v,, lateral velocity vy, yaw rate r, time ¢, steer angle of front wheels

8 r (Jazar 2017, 2019).

. X
Uy = — + 10y
m

1
ﬁy = o (—alcaf —I—azCo,r)r

P

1
— (Cozf + Car) vy + Ecafsf —I'VUx

. 1
;= T, (—a%Caf — a%Cm> r

1

I v,

1
(aICaf — azCar) vy + I—alcafo
z

Defining the following dimensional characteristic parameters:

[ICqf ml [Car
= o = =
Yo m 0 V Cor 1o ml

we define the new nondimensionalized variables.

1=V, = Yo m v mo=I= o
= y_v()_ lCafy 2= _r()_ C

t C v m

T3 =7T=— = af[ 7-[4=V4=_x=
fo ml vo [Cyy
and parameters
Car mi?

s = C = T =€ = —— 7 = =

5 Caf 6 Iz 7 )4

a

7T8=8f T9g =86 = —

The derivatives are:

. dvy
UX = =

dV,dt Car Cor ,
ST E V= 2%,
at % dr dt T m AT T

dvy dVydt C C
Gy AW At Taf of ol

DE S T T T Y

(2.522)

(2.523)

(2.524)

(2.525)

(2.526)

(2.527)

(2.528)

(2.529)
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s_dr_ drdr _Cupp,
dt

COlf /
ro = —
drt dt ml ml

) (2.530)

Substituting the variables in the equations of motion and simplifying the equation
provides us with the following nondimensionalized equations:

’ F
Ve = c +TV (2.531)
af
Vv/ — _ﬂ + a_z Car L
l I Cur) Vy
Cor \ Vs
-1+ — +45r—TV, (2.532)
( Cas) Vi f y

Iz Iz Caf

~ (mla1 mlay Car) Vy [ mlars (2.533)

which will be rewritten as:

Ty =m7+mam) (2.534)
/ ) T
7 =(1—-m9)mws —m9) — — (1 +75) — +7mwg — w274 (2.535)
T4 T4
T
wh=— ((1 — 797 +ng) o2
T4
T
—((1—719)7T5—7t9)776n—+7f97167f8 (2.536)
4

Therefore, the equations of motion of planar vehicle dynamics reduce to a set of
equations with 5 variables: w4 = V4, my = V), m2 =T', w3 = 7,13 = 8, and

2
4 parameters: 75 = g“; , g = %, Ty = CF—XJ_, Tg = ”l—' To make the model and
o ¥4 o

prototype of vehicles to act similarly, we need to match 5 7 -groups.

Caor mi? F,
Ty = — T = — 7 =
Cozf Iz Cotf
ai
Ty =24 7'[927 (2.537)

This set of -groups allows us to do variable speed experiments on model.
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X2 X X
A A A
a aj
Rear m, I, 91@ C Front
k> J C2 k; J Cy
V2 Yi

Fig. 2.16 The bicycle model of a car is a beam with mass m and mass moment /, sitting on two
springs k1 and k, and dampers ¢ and c¢;

Example 82 Tll-nondimensionalization.

Although it is possible and recommended to make all problems nondimensional,
it is not an absolute rule. Nondimensionalization will make the result to be
applicable to all similar problems regardless of their size and area of science.
However, it is also common that investigators prefer to keep the variables, such as
displacement and time, as they are, so their values can be sensed as normal physical
dimensions. In these cases, the investigator may wish to define new parameters,
dimensional or nondimensional, to reform the equations in the way they wish to
show something more important to them. When the set of equations of a problem
are not fully nondimensionalized, we call it ill-nondimensionalization. Let us review
an example to illustrate such ill-nondimensionalization problems.

Figure 2.16 illustrates a beam on two linear suspensions at two ends. Let us
ignore the dampers c; and ¢ for the moment. The beam with mass m and mass
moment / about the mass center C is sitting on two springs k; and k> to model
a car in bounce and pitch motions. The translational coordinate x of C and the
rotational coordinate 6 are the usual generalized coordinates that we use to measure
the kinematics of the beam. Recalling that the equations of motion and the mode
shapes of a vibrating system are functions of the chosen coordinates, we find the
free vibration equations of motion of the system as:

mO||[X ki +ky aky—aiki||x
. =0 2.538
|:O 1] |:9i| + I:azkg —aky a%kz +a12k1] |:9i| ( )

It is also possible to employ the coordinates x| and x; instead of x and 6 and derive
the equations of motion of the system in the following form:

ma% +1 majay — 1

a +a?  ay -; ax? |:x1:| + |:k1 0] |:x11| =0 (2.539)

mayay — 1 may + 1 Xa 0 ky||x2
ar+a?  a; +ar?
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The set of equations in (2.538) has a diagonal mass matrix and a symmetric stiffness
matrix, while the set of equations in (2.539) has a symmetric mass matrix and a
diagonal stiffness matrix. Having diagonal mass matrix is the preferred way to have
the equations of motion to calculate the natural frequencies and mode shapes of a
vibrating system. The reason is that the inverse of a diagonal matrix is very easy to
calculate and we will prefer to determine the eigenvalues and eigenvectors of

ki + ko _atky —azky

A=M'K = m | m (2.540)
—7 @k —axky) + (k1a? + kza3)

rather than

ma% + 17 I — mayar
B—k-y=| ki@+a) ki@+a) (2.541)
I —mayay ma% +1

_kz (a% —l—a1) ko (a% +a1)

where M is the mass matrix and K is the stiffness matrix of the system (Jazar 2014).
However, in this example, let us keep the set (2.539) and introduce the following
parameters:

k k 12
[ =mr? Q%z—lﬁ Q%=—2,3 B=—
m m ajaz
}”2 ar
o =— y =—= l=a1+a (2.542)
ayaz ay

and rewrite the equations as

a+y l—o|[X Q%O X1
=0 2.543
|:1—aa+$:||:5521|+|:0 Q2] [x (2349
Out of the parameters (2.542), only «, §, y are dimensionless, while the dimension
of radius of gyration r, and characteristic frequencies €21 and €2, are:

[rl=L [Qi]=[Q20]=T" (2.544)

Rewriting the equations as in (2.543) shows an interesting feature. If we set

o= — 1 (2.545)
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then the equations will be decoupled.

a+y 0 |[[% Q! 07 [x
=0 2.546
{ 0 a+%:||:5521|+|:0 Q2] Lx (2.546)
Decoupling of the equations makes the two degrees-of-freedom system become
equivalent to two single degree-of-freedom systems. This was the first condition for
flat ride tuning of vehicle suspensions, suggested by Maurice Olley (1889-1983)
and shown by others (Olley 1934, Marzbani et al. 2012, Marzbani and Jazar 2014,

Milliken et al. 2002).
The natural frequencies w; and mode shapes u; of the system are

| I k
W} = LR (2.547)
y+1 am 0
I k
PR - B . (2.548)
y+1 a m 1

2.4 Size Effects

Weight, volume, heat capacity, are proportional to volume, L>. Strength, heat loss,
are proportional to cross-sectional area, or surface area, L2. Therefore, changing the
size of an object will change any property related to the surface-to-volume ratio L~!
(or volume-to-surface ratio L). It is the amount of surface area per unit volume of an
object, L?/L3 = L~!. This fact is called square—cube law. This law governs many
phenomena in all areas of science and engineering. The proportionality of surface-
to-volume to L~! not only determines how big or how small an object can be, in
many cases there are critical values for the surface-to-volume ratios that changes
the phenomena drastically. Understanding this law is important in engineering and
science. The square-cube law may be cast in one engineering comment:

Big structure is weak, small structure is strong.

The structure might be a living thing.

Historically, as far as we know, it was Galileo Galilei (1564—-1642) who first
described the square-cube law in 1638 in his “Two New Sciences” as “the ratio of
two volumes is greater than the ratio of their surfaces” (Galileo 1638).

The best way to understand and employ the square-cube law is to study
its application and effects in different areas of engineering and science through
examples.
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Fig. 2.17 A cylinder of radius R and height H along with a proportionally double sized cylinder
or radius 2R and height 2H

Example 83 Stress under a cylindrical concrete column.

Figure 2.17 illustrates a cylinder of radius R and height H along with a double
sized cylinder of radius 2R and height 2H.

Consider a cylindrical concrete column of radius R and height H = 10R. The
volume V of the column would be:

V =7R*H = 107 R> (2.549)
and its cross-sectional area A would be:
A=nR? (2.550)
If the density of the concrete is p, then its weight W is:
W = pgV = 107 pgR> (2.551)

The compression stress o at the bottom of the column is the total weight divided by
the cross-sectional area.

w 107 pg R3

=g = l0Rgp (2.552)

o =

The stress is a linear function of the size of the column, represented by R. If the
column is magnifying proportionally, the height and radius will grow with the same
rate. The cross-sectional area that supports the load will increase proportional to
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R?, while the weight of the column increases proportional to R3. Therefore, by
increasing the size of the column, the stress o will increase until it reaches the
ultimate stress oy and the column will break down.

To design a column that accepts magnification, we must keep the level of normal
stress o constant. Constant normal stress condition may require disproportional
expansion of the column. However, having height H to be an independent variable
indicates that stress o is a linear function of H.

W mpgR*H

To keep o constant, we must keep H constant. As a result, increasing or decreasing
the radius of a solid cylinder will not change the stress level if the height of the
column remains unchanged.

In practice, we use columns to support external forces. Let us assume there exists
an external force F' at the center of the cylindrical column along its axis. The stress
of such column would be:

W+ F R’H + F
_W+F _7mpgR°H+ (2.554)

“ A 7 R?2

Setting the level of o we are able to determine the relationship between R and H to
keep o constant by solving Eq. (2.554) for R.

R= _F (2.555)
(o —pgH)

Example 84 The size of animal in polar regions.

Heat loss of any heated object is proportional to its surface area [Lz]. Thermal
energy of an object is proportional to its mass m and hence proportional to its
volume [L3]. Therefore, the ratio of the heat loss to the amount of thermal energy
of an object is proportional to area/volume [A/V] = [LZ/L3] = L~'. A mouse
is around /,, = 5cm long and polar bear is about [, = 2m long. Therefore, the
ratio of heat loss over mass for a mouse approximated due to similar aspect ratios
isA/V =1/1,, =20m~" and for a bearis A/V = 1/1, = 0.5m™!. As a result,
the heat loss of a mouse with respect to a bear is 20/0.5 = 40/1, indicating that a
mouse loses heat 40 times more or faster than a bear. Hence small animals will not
last long in cold environment of polar regions.

Example 85 Bird’s wing areas.

The lift forces of a bird to sustain in air is proportional to the wing areas,
proportional to [A] = L? where L is any representative length. The wing loading
is the weight of the bird W the bird must carry. Weight is proportional to the bird’s
volume [V] = L3. Therefore, the wing loading per unit of wing area would be
proportional to [V /A] = L. A bird is hovering by flapping its wings to move a mass
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of air downward. The time rate of change of the momentum of that jet of air mv is
equal to the total lift force on the wings. The lift force must be equal to the bird’s
weight W. The mass rate m2 of moving air may be estimated in terms of the wing
area, A, the jet speed, v, and the air density, o (Howison 2005)

= = pA 2.556
m=—-=pAv ( )
W = mv = pAv? (2.557)
and therefore,
w
v? S L (2.558)

The power P that the bird uses for hovering would be

P =Wv=pAv’ (2.559)
P o L"? Wt (2.560)

The required power P for any particular state of flight increases with the 7/6 ~
1.17 power of the weight W. Larger birds will have higher wing loadings and are
therefore obliged to fly faster.

There are three ways to estimate the available power of a bird to enable it to hover.
The heat loss analysis during hovering, analysis of the rate at which bird’s heart
supplies oxygen, and analysis of the maximum stresses in bird’s bones and muscles.
Muscles turn chemical energy into mechanical energy at a 25% efficiency rate. The
excess heat must be able to exit through the bird’s surface area S L?. Hence,
to prevent the bird from overheating, the available power must also be proportional
to L?. The oxygen supply is proportional to the time rate of change of the volume
of blood delivered by the heart, which in turn is proportional to the cross sectional
area L?. The maximum stress o in the bird’s muscle may be calculated by the work
done by a force F in the contracting Al of the muscle. Employing the principle of
conservation of energy, the work must be equal to the change in the kinetic energy
K of the limb mass m moved by the muscle,

K « F Al x mv* o« L? (2.561)

where v is the speed of the moving limb. As the available power to the bird is the
time rate of the work done, p = dK/dt, the power is also proportional to L2.
Therefore, no matter how we calculate the available power of the bird, the power is
proportional to the square of the characteristic length L?. Because the needed power
to hover increases faster with the bird size than the available power to the bird, there
is a limit to the size of birds (Pennycuick 1968).
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Example 86 Y First document on square-cube law.

After a discussion on extruding a cylinder of silver into wires to explain how the
surface to volume of the mass of silver will change, Galileo says: “if I determine
the ratio between the surfaces of cylinders of the same volume, the problem will be
solved. I say then: the areas of cylinders of equal volumes, neglecting the bases, bear
to each other a ratio which is the square root of the ratio of their lengths.” Galileo
then continues: “Since you are to find of these geometrical demonstrations, which
carry with them distinct gain, I will give you a companion theorem which answers
an extremely interesting query. We have seen above what relations hold between
equal cylinders of different heights or lengths; let us now see what holds when the
cylinders are equal in area but unequal in height, understanding area to include the
curved surface, but not the upper and lower bases. The theorem is:

The volumes of right cylinders having equal curved surfaces are inversely
proportional to their altitudes. Let the surfaces of the two cylinders, AE and CF,
be equal but let the height of the latter, C D, be greater than that of the former, AB:
then I say that the volume of the cylinder AE is to that of the cylinder CF as the
height CD is to AB. Now since the surface of C F is equal to the surface of AE,
it follows that the volume of CF is less than that of AE; for, if they were equal,
the surface of C F would, by the preceding proposition, exceed that of AE, and the
excess would be so much the greater if the volume of the cylinder C F' were greater
than that of AE. Let us now take a cylinder /D having a volume equal to that of
AE; then, according to the preceding theorem, the surface of the cylinder I D is to
the surface of AE as the altitude I F is to the mean proportional between I F' and
AB. But since one datum of the problem is that the surface of AE is equal to that
of CF, and since the surface I D is to the surface CF as the altitude I F' is to the
altitude C D, it follows that CD is a mean proportional between I/ F and AB. Not
only so, but since the volume of the cylinder I D is equal to that of AE, each will
bear the same ratio to the volume of the cylinder C F'; but the volume I D is to the
volume C F as the altitude I F is to the altitude C D; hence the volume of AE is to
the volume of C F as the length I F is to the length C D, that is, as the length CD.”

Following this logic Galileo concludes “the ratio of two volumes is greater than
the ratio of their surfaces,” and the soon after, the square-cube law appeared.

“Imagine, for example, a die of which the side is two inches long, so that one
face will be four square inches, and all six, that is, its whole surface, twenty-four
square inches. Next, imagine that the die is sliced with three cuts into eight smaller
dice. The side of each of them will be one inch, and each face one square inch, and
its whole surface six square inches, whereas the surface of the uncut die contained
twenty-four. Now you see that the surface of the little die is one-quarter the surface
of the larger one, this being the ratio of six to twenty-four. But the volume of the
same die is only one-eighth. Thus the volume, and hence the weight, falls off much
more quickly than the surface. If you subdivide the little die into eight others, the
whole surface of one of these will be one and one-half square inches, which is
one-sixteenth of the surface of the original die, while its volume is only one sixty-
fourth. See how in just these two divisions, the volumes have diminished four times
as much as have the surfaces; and if we continue the subdivision until the original
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solid is reduced to fine powder, we shall find the weight of the minute atoms to be
diminished hundreds and hundreds of times as much as their surfaces.”

Although according to the available documents, Galileo is the first scientist who
put the square-cube law on paper, this natural law has been known for centuries
before Galileo. Archimedes, for instance, said that “in similar figures the surface
increases as the square, and the volume as the cube, of the linear dimensions. If we
take the simple case of a sphere, with radius R, the area of its surface is equal to
A = 47 R?, and its volume to V = 47 R3 /3 from which it follows that the ratio
of its volume to surface, or V/A = R/3.” That is to say, V /A varies as R; or, in
other words, the larger the sphere is the greater will be its volume or its mass, if it be
uniformly dense, in comparison with area (Thompson 1942). Taking L to represent
any linear dimension, we may write the general equations in the form

AxL?> A=ksL? (2.562)
VoL V=kyL® (2.563)

where k4 and ky are the proportionality coefficients, and

v o« L v = k—VL =kL (2.564)
A A ky

The square-cube law may also be traced back in eleventh century in writings
of Persian scientist, Avicenna (Abu Ali Sina 980-1037), when he was answering
questions of Biruni (Abii Rayhan Al-Biriini 937-1050) criticizing various concepts
and ideas in Aristotle’s “On the Heavens.” Avicenna claims that sphere is the natural
shape of astrological objects as sphere has the minimum surface area for the same
volume or it has the maximum volume for the same surface area (Guthrie 1939;
Afnan 1958; Berjak 2005; McGinnis 2010; Daiber 2010).

Stephan (1983) described the square-cube law as: “For a given physical object,
say a cube, an increase in the length of a side results in an increase of the surface
area and also of the volume. If the new length is ten times the old, the area will
be 102 or 100 times the old, and the new volume will be 10% or 1000 times the
old. Thus, the cube-root of the volume will be proportional to the square root of the
surface area.”

Example 87 Square-cube law and fictions.

Thompson (1942) indicates fictions’s mistakes by not considering the square-
cube law. The Giant in the fiction “Jack the Giant Killer” was proportionally ten
times larger than a normal man. Therefore, the cross section of the leg bones of
the giant would be 100 times larger than those of a man, while the giant’s mass,
proportional to its volume, would be 1000 times larger. As a result, giant’s legs
would not stand his weight and would break under his weight.

Similarly, in the tale of Gulliver’s Travels of Jonathan Swift (1667—-1745),
Gulliver was proportionally 12 times larger than Lilliputians. A person needs food
proportional to their mass which is proportional to their volume. Gulliver’s body
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volume would be 123 = 1728 times more than the volume of one Lilliputian and
therefore, he would need 1728 times more food than a Lilliputian.

Example 88 Larger fishes are faster.

Consider a sea animal such as a fish that is immersed in water, then the weight
of the fish is counterpoised to the extent of an equivalent volume of water, and is
weightless. It is a great advantage to sea animals, so the larger the fish grows the
faster would be its speed, because its available energy depends on the mass of its
muscles, while the resistance to its motion through the water is water friction. The
energy of the fish is proportional to its volume V o< L3 and the motion resistance
is proportional to its area A o L?. Assuming other things being equal, the bigger
the fish the faster it can go. The energy will be used to do work W to overcome the
resistance force F.

W F (2.565)
The resistance F is proportional to the square of its speed v and area of resistance A.
F oc Av? (2.566)

Therefore, velocity v is increasing in the ratio of the square root of the increasing
length of the fish L.

W L

Vo — o — « L (2.567)
A L2

v oc /L (2.568)

This is the Froude’s law, or Froude number, which may be expressed as

F v inertia force (2.569)
r= = .
gL  gravitational force
or
Fr— v_2 _ kinetic energy (2.570)

gL potential energy

Froude’s law indicates that the speed attainable by a sea creature or a ship is
proportional to the square root of its scale. This result is based on the assumption
that the whole body of the fish or the ship is producing energy to move the body
in the water. However, the available horse-power of an engine varies as the square
of the linear dimensions, because the generated energy depends on the heating-
surface of the pistons L. Similarly, the rate of supply kinetic energy of a fish varies
with the surface of the lung L2. As a result, small fishes are stronger because they
have more power per unit weight than larger fishes. An engineering solution is to
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increase the heating-surface of the engine, by increasing internal system of tubes or
pistons, without increasing its outward dimensions. The Nature has done similarly
by increases the respiratory surface of a lung by a complex system of branching
tubes in lungs (Thompson 1942).

Example 89 Temperature of warm-blooded animals.

The heat loss of an animal is proportional to the body surface of the animal.
The generated heat within the body of the animal must be equal to the heat loss
if the temperature of the body keeps constant. This requirement is questionable
as the heat loss may vary as the surface area, L2, and the generated heat by
oxidation is proportional to the volume of the body, L3. Therefore, the ratio of loss
to generated heat is like that of surface to volume. So, larger animals must have
higher temperature, unless the rate of generation of heat be lower in larger animals.
In other words, smaller animals produce more heat per unit of mass than the large
animals, in order to keep pace with surface heat loss.

The more heat production needs more energy to spend, which in turn needs more
food to consume. The smaller animals need more food and oxygen. Their living rate
is faster and they age faster. A human consumes food equal to %?2 of its own weight
daily. A mouse eats %50 of its own weight per day. A warm-blooded animal much
smaller than a mouse cannot exist as it cannot consume and digest enough required
food to maintain its constant temperature. The disadvantage of heat loss of small size
animals is worse in the Arctic area. Therefore, the size of warm-blooded animals
will be larger in colder areas, and small animals may survive better in warmer areas
(Thompson 1942).

2.5 Chapter Summary

The dimensional analysis reveals how an equation describing a physical system
can be reduced to a function of a set of dimensionless products which are always
fewer than the prescribed set of explanatory variables. Buckingham s-theorem
and nondimensionalization are keys to develop the required methods to transfer
experimental results on a scaled size model to the real size prototype.

Suppose we have a physical law of n arguments x;,i = 1,2,---,n of m
fundamental units in the form

fxr,x0, %3, ,x,) =0 (2.571)

This equation can be replaced with another equation with k new independent
nondimensionalized variables 7w, 7w, --- , 7w, k =n — m.

g(nl’n27"'7nk):0 (2.572)
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The process to derive the dimensionless 7 -groups is called nondimensionalization.
A problem will be expressed by a set of differential and algebraic equations. They
will have a set of independent dimensional variables and parameters. For every
single independent variable, we need to define a characteristic constant quantity
with the same dimension. Division of independent variables by their associated
characteristic quantity, a set of dimensionless variables appear. Substituting the
variables with their associated dimensionless variable and simplification provides
the required 7 -groups as well as the new set of dimensionless equations.

An example will review this process. Forced vibration of a linear oscillator is
expressed by a second order inhomogeneous differential equation.

mx + cx + kx = F sin (wt) (2.573)
The equation of motion has two variables, x and 7. We use the static deflection of

the mass m under the constant force F, xo = F/k as a characteristic displacement
and time #9p = 1/w as a constant characteristic time,

xXg = — th=— (2.574)

Then we define nondimensionalized displacement X and time t

X X t
= = T=—=uwt (2.575)
xo F/k l/w
to replace the actual variables x and 7.
F T
x=x0X = —X t =1t = — (2.576)
k w

Using nondimensionalized time 7, we may redefine derivatives as

. dx FdX FdXdrt F _,

dt k dt k dt dt k

dd F d Fdr d F
=S 28 ox) =L x) = Ze?x” (2578)
dt dt k dt k dt dt k

Y dX v d*x

= — = — 2.579
dt dt? ( )
The equation of motion may now be rewritten as
F 2y F ’ F _ .
Emw X"+ EcwX + ;kX = Fsin(7) (2.580)

that will be simplified to
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r2X" 4+ 26rX' + X = sin (z)

n%n/{ + 273wy + 1 = sinmy

where
X w
7T1:X:— 7'[2:}":—
F/k wp
c
T3 =§&=— Ty =7 = wt
c
k
Wy =4 — cc =2V km
m

167

(2.581)
(2.582)

(2.583)

(2.584)

(2.585)

Therefore, the original equation with variables x, ¢, and five parameters m, c, k, F,
w, has been simplified to an equation with two dimensionless variables X, 7, and

two dimensionless parameters &, r.

In case we wish to make an experimental model to simulate a real size prototype,
we need to make the two m-groups w3 and w4 to be equal in both systems. Then
the measured or calculated values of 771 and 4 are transferable between model and

prototype.

Open problem of static dimensional analysis is “variable dimensions” and
“constraint dimensions.” It is possible to imagine a physical quantity that changes
its dimension by time or by relative size of other variables. At the moment we do

not have variable dimension theory.



168 2 Dynamic Dimensional Analysis

2.6 Key Symbols

a=x Acceleration

ap Distance from the front wheel to the C
a Distance from the rear wheel to the C
ajj Dimension of D; in x;

ajj Elements of A

a,b,c Exponent of physical quantities in a r-group
a, b, c Length

A Area

A Angle dimension

A Dimensional matrix

Ar Archimedes number

b; Exponent of x; in a w-group
B Body coordinate frame

Bi Biot number

Bo Bond number

Br Brinkman number

c Damping coefficient

c Proportionality coefficient
c= g:; Sideslip coefficient ratio

cp Specific heat

C Dimensionless constant, mass center
C Circumference

Ca Capillary number

C, Traction coefficient

Cy Sideslip coefficient

d Displacement, length

D Diameter

Da; Damkohler number

De Dean number

D; Fundamental dimensions
e= ”}—[2 Mass moment ratio

E Energy, work, heat

E Modulus of elasticity

Ec Eckert number

Ek Ekman number

Eu Euler number

El Flexural rigidity

f Function

f Frequency

f Force

F.F Force

Fy Drag force
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F, Traction force

Fy Lateral force

Fr Froude number

g Function

gg Gravitational acceleration

G Gravitational constant

G Global coordinate frame

Gr Grashof number

h, h; Function

h Heat

H Energy, work, heat

H Height

1 = mr? Mass moment, second area moment
I, Second area moment about the z-axis
Ja Jacob number

kg Kilograms, unit of mass

k Specific thermal conductivity

k =n —m Number of independent nondimensionalized variables
k Scale coefficient

k1 Front spring rate

ko Rear spring rate

K Kinetic energy

K Kutateladze number

Kn Knudsen number

l Length, wheelbase

L Length dimension symbol

L Lagrangian

Le Lewis number

Meter, unit of length

Mass

Number of fundamental units
Mass flow rate

Mass dimension symbol
Moment, torque

Mass

Model

Mach number

Number of arguments in an equation
Newton

Nusselt number

Momentum

Force

Period

Rate of work

Mathieu equation parameters

zz¥ TXIIIFT I g
N}

T T
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Vectorial parameter

Pressure, stress

Potential energy

Power

Dimensionless force

Prototype

Peclet number

Prandtl number

Generalized coordinate

Heat

Quantity of flow

Moment, torque

Physical quantity

Radius, radius of gyration

Rank of A

Yaw rate

Position vector

Radius

Rayleigh number

Re Reynolds number

Ri Richardson number

Ro Rossby number

S Second, unit of time
Surface area

S Set of initial variables

Sc Schmidt number

Se Senenov number

Sh Sherwood number

Sr Strouhal number

St Stenton number

t Time

T Time dimension symbol

T Temperature

T Moment, torque

T

T

TTTTY Y YT
o

w%"l\\\mmmm&

S

Period

a Taylor number
u Velocity
u Function
u Variable
V=X, V Velocity, tread velocity in tire print
Vv Volume
Vv Velocity
w (x) Distributed load of
w Weight
We Weber number
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&
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g€ Qqax

Coordinate axes
Dimensional variables
Global coordinates
Dimensionless variables
Dimensionless variables
Displacement

Vertical movement of the front of a vehicle
Vertical movement of the rear of a vehicle
Function

Deflection

Road input to the front wheel
Road input to the rear wheel
In

Integer numbers

Real numbers

Angle

=r2 /aia> Nondimensional parameter
=2 /aia> Nondimensional parameter
Integer exponents

Yaw rate

Rate to front length ratio
Steer angle

Steer angle of front wheels
Strain

Length ratio

Kinematic viscosity

Angle

Pitch angle

Friction coefficient

Viscosity

Frequency

Oscillation period

Kinematic viscosity
3.14159265359 - - -
m;-number, i =1,2,3---
Density

Pressure, stress

Surface tension
Dimensionless time variable
Angle

Angular velocity
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w Frequency

w1 First natural frequency of the system
w2 Second natural frequency of the system
Q Angular velocity

Q) = /k1B/m Nondimensional parameter
Q0 = /k28/m Nondimensional parameter

Ap Pressure drop
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Exercises

1. Escape velocity.

173

km
Knowing the escape velocity in <—) and the diameter in (km) of the Moon
s

and some planets

Planet

Moon
Earth

Mercury

Venus
Mars

Escape
Diameter | velocity Planet Diameter
1737.1 2.4 Jupiter | 142984
12756 11.2 Saturn 120536
4878 43 Uranus | 51118
12104 10.3 Neptune | 49532
6794 5.0 Pluto 2370

Escape
velocity

59.6
35.5
21.8
234

5.4

determine the mass of them by knowing that the Earth’s information are:

R~ 6.3781 x 10°m

2. Nondimensionalization of pendulum equation of motion.
Show that the equation of motion of a simple pendulums

can be transformed to a simpler form

d’o ,
W = —7 sin @
d*o )
—— = —sind
dt?

by a proper time scale.
3. Change of variable.
Show that if the applied force on a particle is

then the equation of motion becomes linear by %%~

F=f@)i"+g @)%

n

4. Forced Duffing equation.

(a) The forces Duffing equation is:

i+ kx + x> = Bcost

m~ 5972 x 10%*kg

:y.

(2.586)

(2.587)

(2.588)

(2.589)

(2.590)
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xy =acos(ot)

Y
<

Fig. 2.18 A cantilever with end mass and harmonic base excitation

(b) Check the equation to be dimensionally homogenous and find the missing
coefficients.

(c) Make the equation nondimensionalized. To have a characteristic value for x,
you may use the steady state x; when ¢ and all derivatives are zero.

xs =B (2.591)

For the time variable, you may use the frequency constant excitation
frequency w = 1 which you are supposed to found in part a.

5. A cantilever with end mass and harmonic base excitation.

(a) Show that the equation of motion of the cantilever beam of Fig. 2.18 with end
mass and horizontally harmonic base excitation is: (l + B2Y2) Y+B2YY?+
pY —x;=0

(b) Introducing

T = wt u = BY (2.592)
show that the nondimensionalized form of the equation is:

(1 + u2) W+ un® + pu+qcost =0 (2.593)

where

1 (EI
p=—|(—A—-gB q = Ba (2.594)
m
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6. The projectile problem.
The equation of motion of a projectile of mass m shooting in (x, z)-plane from
the origin of a global codominant is

dv A
@& = —ok 2.595
mo-=mg  g=-g (2.595)
g = 9.80665m/s> ~ 9.81 m/ s (2.596)

An integral of the equation of motion determines the velocity v of the projectile:
v=—gth+vo (cos@ I +sinf 12) (2.597)

Substituting v = dr/dt and integrating provide the position of the projectile as
a function of time:

1. .
r= -3¢tk +uo (cose 7+ sin® k) t (2.598)

(a) Make the equation of motion nondimensionalized and express the equation
in terms of m-groups.

(b) Solve the nondimensionalized to find the position as a function of time.

(c) Determine the path of motion.

(d) Determine the range and height of the projectile as functions of 6.

(e) Derive the equation of envelope parabola that the projectile will touch by
changing 6. For the dimensional case, the parabola is:

1 2
—— (”_0 _ %ﬁ) (2.599)
2\ g V)

7. Projectile in air.
Assuming a flat ground with a uniform gravitational attraction g, the equation
of motion of a projectile in the air is:

d . R
md—: = —mgk — cv g=—gk (2.600)
g = 9.80665m/ s> ~ 9.81 m/ s> (2.601)

where a mass m is thrown with an initial velocity vp from the origin of the
coordinate frame. The air provides a resistance force —cv proportional to the
instantaneous velocity v.

(a) Nondimensionalize the equation of motion and determine the 7 -terms.
(b) Solve the equation to find the dimensionless velocity. The solution of the
dimensional equation is:
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Fig. 2.19 A box of mass m is being pulled by a thread up an inclined plane at an angle g with
respect to the plane that is forming an angle « with the horizontal

ve—gth— Srtvg (2.602)
m

(c) Solve the velocity equation to find the dimensionless position. The solution
of the dimensional equation is:

2

r="vo(l—e™/m) 4+ g (1— e = 1)k (2.603)

c c m
after calculating the constant of integration using the initial conditions of
r = 0 at ¢ = 0 and simplification.

(d) Determine the maximum height of the projectile. The solution of the
dimensional equation is:

~ m ~
H=zM:rok:—<Vo-k—gtH>
C
~ 1 ~
= <v0-k—ﬁgln <1+5—vo-k)) (2.604)
c c mg

a. Determine the range of the projectile. The solution of the dimensional
equation is:

R="2(1=eo®/m) (vq-7) (2.605)

c

8. Minimum tension in pulling thread.
Figure 2.19 illustrates a box of mass m being pulled by a thread up an inclined
plane forming an angle « with the horizontal. The coefficient of friction is equal
to K.

(a) Draw the free-body diagram of the system and derive the nondimensional-
ized equations of equilibrium.
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(b) Find the angle g which the thread makes by the inclined plane for the tension
of the thread to be minimum when m is moving up with constant speed v.

(c) Find the angle B for the tension of the thread to be minimum when m is
moving down with constant speed v.

(d) Find the angle B for the tension of the thread to be minimum when m is
moving up with constant acceleration a.

9. Divergence of scale times a vector.
Knowing that the divergence of a vector V is:

ov. a9V 9dV
divV=V.-V=—+4 — 4+ — (2.606)
ox dy dy
and
div(cV) =cdivV +Vc -V (2.607)
where c is a scalar function and,
V=P y0i+P@y2j+Pkxy 2k (2.608)
Ve 265 005 0 (2.609)
c=—1+ — — .
dx Byj dy

(a) Expand Eq. (2.607) and check the dimensional homogeneity of the equation.

(b) Use a length dimensional characteristic / and make the equation nondimen-
sionalized. How many mr-groups are involved?

(c) Expand and make the following equation nondimensionalized:

curl (cV) =ccurlV—Vc -V (2.610)

10. Nondimensionalization of famous P D E of science.
Most of phenomena in science and engineering are expressed by the following
equations.
The Laplace equation

0%V 0%V 0%V

vw="" 44
ax2  9y? = 9y?

=0 (2.611)

satisfies the gravitational potential, electrostatic potential in a uniform dielec-
tric, magnetic potential, electric potential, temperature in thermal equilibrium
of solids, velocity potential of homogeneous liquid moving irrotationally, and
most potential fields.

The wave equation
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4 a; aj

Rear Front

T

Fig. 2.20 The bounce and pitch model of a car is a beam with mass m and mass moment /, sitting
on two springs k| and k2

%V 3%V 9%y 92V
= ==— (2.612)

1
VW=———+——+—5=>
ax2  ay?  3yr 2 ot
satisfies the mechanical, electric, sound waves, the velocity potential in an ideal
gas, and most wave phenomena. The constant c is the speed of the wave in the
phenomenon.
The heat conduction equation

V.92V 3%V 13V
VWW=—-rcF+—+—=-— 2.613
dx2 + 9y?2 + ay2 kot ( )
satisfies the temperature distribution of a homogeneous isotropic solid, and most
distribution phenomena. The constant ¢ is proportional to the heat conductivity
of the body and inversely proportional to its specific heat and density.
The telegraphy equation

92V v 3%V
+RC— = — (2.614)

LC——
ot? ot ax2

satisfies the potential in a telegraph cable where the inductance L, the capacity
C, and the resistance R per unit length are given.

(a) Show that these partial differential equations are dimensionally homogenous.
(b) Derived the nondimensionalized form of the equations and list the parame-
ters of the dimensional and nondimensional expression of each equation.

11. Uncoupling the pitch motion of bicycle vehicle model.

(a) Figure 2.20 illustrates a beam model of vehicles as a two degree-of-freedom
vibrating system. The beam with mass m and mass moment / about the mass
center C is sitting on two springs k; and k> to model a vehicle in bounce
and pitch motions. The translational coordinate x at C and the rotational
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(b)

©

(d)

(e

®

coordinate 6 are the usual generalized coordinates using to measure the
kinematics of the beam (Marzbani and Jazar 2014). The equations of free
vibration of the system are:

mO|[x ki +ky aky—aiky||x
.. =0 2.615
|:0 [i| |:9i| + |:a2k2—a1k1 a%kz—i—alzkl (% ( )
Show that employing the coordinates x| and x; instead of x and 6 makes the
equations of motion of the system to be:

ma% +1 majapy — 1

ar+a?  ar+a? ||% ki O] x| _ 2616
maiay — 1 ma% +1 |:x2] + |:0 ky || xo 2. )

a) + a22 a) + a22

Use the following parameters:
I =mr Q=—28 Q== p=—
m m aiaz
r? a
2
o =— y =—= l=a+a (2.617)
aja ai

and rewrite the equations to be:

a+y 1—a |[F Q0 [x
=0 2.618
|:1—aa+%:||:jc'2:|+|:0 3] [ (2.618)

Show that setting
a=1 (2.619)

makes the equations decoupled

at+y 0 |[[F Q0 [x
=0 2.620
[ 0 a+§M;‘c‘2]+[o 3] Lx (2.620)
The equations in part b are not fully dimensionless as the variables have not
been changes. Define a characteristic time and displacement parameters and

make the equations of motion fully nondimensionalized.
Define a new set of parameters to make Eq. (2.615) decoupled.
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12. Differential models in ecology.
Ecology studies the interaction of living organisms with the environment. The
basic object in ecology is the evolution of populations. Let x () be the number
of individuals in a population at time ¢. If A is the number of individuals in the
population that are born per unit time and B the number of individuals that die
off per unit time, then the rate at which x varies in time is given by

d
Y A-B 2.621)
dt

The problem is to find the dependence of A and B on x. The simplest equation
is to assume that the rates A and B are proportional to the population x,

A=aX  B=bx (2.622)

where a and b are the coefficients of births and deaths of individuals per unit
time, respectively. Therefore,

> _ b 2.623
E_(a_)x (2.623)

Assuming that at ¢ = f¢ the number of individuals in the population is x = xo,

(a) make the differential equation nondimensionalized.

(b) solve the differential equation.

(c) determine the population for # — oo based on the ratio of @ and b.
(d) All models describing population process are of the form

x _ 2.624
Z_f(x) (2.624)

where f (x) is a nonlinear function. Assume

d
d—): = ax + bx? (2.625)

and redo parts (a) to (c).

13. Piecewise linear vibration isolator.

The simplest practical model of a piecewise linear vibration isolator is a system
with bilinear stiffness and dumping characteristics as is shown in Fig. 2.21.
The first spring and damper that are directly attached to m is called “primary
suspension” and the second stage, which is effective beyond the clearance
amplitude A, is called “secondary suspension.” The clearance A generates a
switch to engage the secondary suspension. This represents a sudden change in
the system properties which provides a hard nonlinearity of the piecewise linear
system (Pogorilyi et al. 2014, 2015a,b).
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damping
A
—-C;+ C;
Ci
> U
-A
stiffness
— 4+ —k+k
ki
> U
-A

Fig. 2.21 Mechanical model of a piecewise linear system with symmetric constraints

(a) Show that the equations of motion of the system may be written as

mi + g1(x, ¥) = fi(y, y) (2.626)
where g1(x, x) and fi(y, y) are the piecewise linear functions presenting

sudden changing characteristics of the system and sudden changing excita-
tion, respectively:

(cir+c)x+ (k1 +k)x —krA x—y>A

g1(x,x) = Jc1x + kix x —yl < A
(cir+c)x+ ki +k)x +kA x—y<—A
(2.627)
(cr+e)y+ ki +k)y x—y>A
A Y)=c1y+ky x -yl <A
(c1+c)y+ (ki +k)y x—y<—A
(2.628)

(b) Show that the equation of motion for the system may also be written in a
nondimensional form (Deshpande et al. 2006; Jazar et al. 2007).

'z'+2.§2a)22+a)%z= wa)zsin(a)t—go)—i—a)% z>1
P4 281012 + iz = wo? sin (0t — @) Izl < 1 (2.629)
'z'+2§2a)22+a)%z=wa)zsin(wt—ga)—a)% z<—1

where
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. T“L
— % g [
Fig. 2.22 A microcantilever model of microresonators
? =% =l ;kz (2.630)
flm = ata

2/kim - 2/ + k)m

(c) Make the time to be nondimensionalized and determine the w-groups of the
system.

14. *Electrostatic force in microresonators.
Figure 2.22 illustrates a microresonator (Younis and Nayfeh 2003; Jazar
2012a,b).

(a) One dimensional electrostatic force, f,, per unit length of the beam of a
microresonator is:

g0A (v — vp)2

fe= S d—wy

v = v; Sin wt (2.631)

where ¢g = 8.854187817620 x 1072 A%s*/kgm? is permittivity in
vacuum, A is the area of the microplate, and w = w(x, t) is the lateral
displacement of the microbeam. The complete microresonator is composed
of a beam resonator, a ground plane underneath, and one (or more) capacitive
transducer electrodes. A DC-bias voltage, v, , is applied to the resonator,
while an AC excitation voltage is applied to its underlying ground planes.
Check the dimensional homogeneity of the force and make it nondimension-
alized.

(b) Including mathematical modeling of squeeze-film effects, the following
equation expresses the dynamic behavior of the microresonator behavior:

92w +E184w n 5 0w ks (d )2 ow\?
— — tcw — —w)w|—
P axt W TR o1
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_ Ea (l /L <a_w)2dx> P, s0a(v-vy)® (2.632)

L \2Jy \ox dx2 2(d — w)?
where the parameters involved are: beam length L, width b, thickness 4,
initial gap d, material Young’s modulus E, density p/(hb), air viscosity
i, moment of inertia I = bh3 /12, Kundsen’s number K = «/w, and the
ambient air pressure P,, the mean-free path of the gas «, the size and mass

of the microplate a and mass m.
Show that the following variables

; n El X w
T=w w] = — = — = —
1 1= 712 P =7 Y d
wo w w soaL4
Y = — rx = — yr = — 1=
d Wy w1 2d3E]
aod? cod?L? kd* (2.633)
a = aqs = as = .
3 7 4 oET 5 P
make the equation of motion dimensionless (Jazar 2006, Jazar et al. 2009).
2y %y 23y 2 (Y
—+t—+ — + 1-— —
a0z T g2 T 57 as (1 —y)~y <at)
2y 1 [!/ay\? v—v 2
= a3—§—/ <—y> dz + al% (2.634)
9722 Jo \ 0z 11—y

(c) Apply a separation solution, y = Y (r) ¢ (z), and assume a first harmonic
function as the mode shape of the deflected microbeam. By accepting a
first harmonic shape function, the temporal function Y (7) represents the
maximum deflection of the microbeam at the tip point for microcantilever.
Show that the differential equation describing the evolution of the temporal
function Y (t) would be

Y+Y+AY3 +asY?Y +as(1—Y)YY?

(a4 B)+22aBsin(rr) — Bcos (2rr)
B (1-Y)

(2.635)

where

o= a1v2 2y 2aB = 2a1vpv; B =—v;

1 [ /392
r=nlas nP==| (Z) 4z (2.636)
2 0 9z
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The first harmonic mode shape to satisfy the required boundary conditions
for a microcantilever is:

¢ (2) =1 —cos (%) n= % (2.637)

15. %The water clock.
Consider a vessel whose horizontal cross section has an area, A, that is a
function of the distance from the bottom of the vessel, z.

A=A  Ap=A(0) (2.638)

Suppose that initially at time ¢+ = 0 the level of the liquid in the vessel is at a
height of i meters. Also suppose that the area of the opening in the bottom of
the vessel is Ag. There is a hole at the bottom of the vessel. The rate v at which
the liquid flows out of the vessel at the moment when the liquid’s level is at
height x is given by

v =ky2gz (2.639)
where ¢ = 9.8m/s2, and k is the rate constant of the outflow. During an

infinitesimal time interval d¢ the outflow of the liquid may be assumed uniform,
when a column of liquid with a height of vdt and a cross-sectional area of Ag
will flow out of the vessel. The outflow causes the level of the liquid to change
by —dz.

kAoy/2g7 = —Adz (2.640)

(a) Make the differential equation nondimensionalized and determine the -
groups.

(b) Assume the vessel to be cylindrical with a vertical axis six meters high and
four meters in diameter, having a constant circular cross section. The radius
of the cylinder is 1/12 m. Find how the level of water in the vessel depends
on time ¢ and the time it takes all the water to flow out. Use k = 0.6 for
water.

(c) Assume the vessel is a circular bowl with radius R,

R=R(z) (2.641)

and you are supposed to determine the shape of the water clock that would
ensure the water level lowered at a constant rate. Such clocks were used in
ancient Greek and Roman courts to time the lawyers’ speeches.

16. A symmetric piecewise linear vibration isolator.
The symmetric piecewise linear vibration isolator is a restricted model of
piecewise linear isolators. A symmetric system may easily become asymmetric
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damping
x A
c+c,
c+c
A, P
m T c
A, >u
Y An Ap
1 ky k k, 1 stiffness
A
‘r ¢ Cn y k+k,
— k+k,
k
> U
A, A,

Fig. 2.23 The mathematical model of an asymmetric piecewise linear vibration isolator

in practice. Any change of mass will make the positive and negative gap
sizes unequal. The spring may behave different in compression and extension.
Similarly, real dampers resist differently in bound and rebound. Figure 2.23
illustrates the mathematical model of an asymmetric piecewise linear vibration
isolator (Narimani et al. 2004a,b).

The equations of motion of the system could be written as

mx + gi1(x, x) = fi(y,y) (2.642)

where g1 (x, x) and f](y, y) are piecewise linear functions presenting nonlinear
characteristics of the system and nonlinear excitation respectively:

(c+cp)i+k+kpx —kpAp x—y>A,
g1(x, X) = {cx +kx Ap <lx—yl <A,

(ct+cep)x+ k+kpx +k, Ay x—y<—A,
(2.643)

(C+Cp))"+(k+kp)y x—y>Ap
iy, y) = ¢y +ky Ay <|x—yl <A, (2.644)
(C+Cn))']+(k+kn)y x_y<_An

(a) Define a set of proper characteristic parameters for all variables.
(b) Make the equations nondimensionalized and determine the m-groups of the
system.
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17. % Coffee+cream and wait versus coffee and wait plus cream.

Miss A and Miss B ordered coffee and cream in a coffee shop. They were given
same coffee in similar cups both simultaneously and proceeded as follows. Miss
A poured some of her cream into the coffee, covered the cup with a paper
napkin, and waited 10 min. Miss B covered her cup with a napkin and poured
the same amount of cream into her coffee after 10 min.

The following equations might be helpful in analytic analysis of the problem.
Heat H transferred to the air from a cup is:

T—T,
dH =1 - Adt (2.645)

where T is the coffee’s temperature at time ¢, T is the room temperature in
coffee shop, 7 is the thermal conductivity of the material of the cup, & is the
thickness of the cup, A the area of the cup’s lateral surface. The amount of heat
given off by the coffee is

dH = —cmdT (2.646)

where c is the specific heat capacity of the coffee and m the mass of coffee in
the cup. The heat balance equation for adding cream to coffee is:

cm (Ty — ) = ccme (Tr — T) (2.647)

where 71 and T3 is the temperature of coffee before and after adding cream,
respectively, T, is the temperature of cream, c, is the specific heat capacity of
the cream, and m,. is the mass of the added cream.

(a) Whose was hotter when they started drinking after those 10 min?
(b) Make the problem nondimensionalized, so the result is applied to all similar
situation, or determine how the result is dependent on 7 -groups.

18. Heat conduction equation.
The heat conduction equation is governed by

5 K
— =«V°T K= — (2.648)
ot oCp

where T is the temperature and « is the thermal diffusivity, K is the thermal
conductivity, o is the density and ¢, is the specific heat capacity.
Nondimensionalized the equation by defining a characteristic time and length.
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19. % Time of impact for two masses under gravitational force.
Two masses mjand mj are released from rest when they are x meter apart. The
masses will start moving by the gravitational force.

mim3
2

F=G (2.649)

r

Can you derive an equation to determine the time mjand m» collide? Nondi-
mensionalize this analysis.
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Part 11
Continued Fractions

Continued fractions is a part of mathematics that is usually eliminated from
mathematical courses in science and engineering. It seems to be too elementary
for college level and advanced for high school and have limited applicability.
Theoretically, continued fractions provide better and quicker convergence to the
exact value of an irrational number, a series expansion of a function, and the
approximate series solution of differential equations. By better we mean more
exact, and by quicker we mean less number of terms and less calculations. These
advantages become practical when a series expansion works only in a very small
domain or does not approach to the desired limit. In this part we introduce the
concept of continued fraction and review its applicability in numerical estimation
where other methods are not exact enough. Then we review the direct and indirect
methods to derive the continued fraction approximation for functions and equations.
The most practical method is to derive the series expansion of the desired solution
and convert it to continued fractions. We will see that the continued fractions work
much more accurate than the series expansion.



Chapter 3

Numerical Continued Fractions

®

Check for
updates

In this chapter we review the method of continued fractions to show its advantage
and application. Convergence and its usefulness in working with irrational numbers,
as well as converting a numerical series to continued fraction back and forth are the
topics in this chapter. This review makes the reader ready to derive and work with
solution of differential equations in continued fractions.

3.1 Rational and Irrational Numbers

Any rational or irrational number x may be expressed by a continued fraction of

the form

that we may show it in a more compact form:

The sequence of truncations px/qx

Po
q
Pk
qx

bo +
0 b1+ by+ b3+

a
x=bo+ 1az
b + @
by + ——
2 by +---
aq ar as
x:b +___...
" bit bat b3+
P1 a  p2 ap ap
—=by+—- —=bot ——,.
q1 ) b1+ by
a az; as ag

are called the first, second, third, . .. convergents, respectively.
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If the limit cj exists,

e = lim 2% (3.4)

k—o0 ¢

the associated infinite continued fraction is convergent. Finite continued fractions
are always convergent. If the infinite continued fraction converges, all of its
remainders converge. Conversely, if at least one of the remainders of a continued
fraction diverges, the continued fraction itself diverges (Khinchin 1997).
In general, the numbers ay, az, a3, ... and by, by, b3, ... may be any real or
complex numbers, and the number of terms may be finite
a ar a3 dn

x=by+ L A B 35
T bit bot b3+ by, 3:2)

or infinite.

x=by+ L 2 B 3.6
" bit bat b3+ b+ (36)

If every q; is 1 the expression is called a simple continued fraction.

1 1 1
X=by+ — — —— ... 3.7
O bit bat bit+ 3D

The simple continued fraction may also be shown by:
x = [bo, b1, b2, b3, ...] (3.8)

The numbers by, by, b3, ... are called the partial quotients or quotients.

In this section we review two tasks: how to find the continued fraction for a given
number, and how to find the number for a given continued fraction.

All real numbers are rational or irrational. Integers and fractions, such as
3, —4.3, 9/4, are rational numbers and all other numbers, such as ﬁ e, T,
are irrational. A rational number is a fraction of the form p/g where p and ¢
are integers with ¢ # 0. Irrational numbers are either algebraic or transcendental.
Algebraic irrational numbers are all non-integral real roots of the algebraic equation
with rational coefficients a;, (i =1, 2, ..., n).

W tag X+ @ +aix+ap=0 (3.9)

For example, the irrational numbers x = +/3 and x = /8 are roots of x> — 3x3 —
8x2 + 24 = 0. All other irrational numbers are called transcendental that cannot be
roots of an algebraic equation with rational coefficients (Yanpolskii and Lyusternik
1965). Both, rational and irrational numbers may be expressed by finite or infinite
continued fractions, respectively (Silverman 2011).
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Proof Any finite continued fraction represents a rational number, and conversely,
any rational number p/g can be represented as a finite continued fraction. To prove
this, we may note that for any finite expansion we can always back track and build
the expansion into a rational fraction. To prove the converse, we consider p/q, g >
0 and divide p by ¢ to obtain

R
P+ (3.10)
q q

where a; is the unique integer to make the remainder 0 < R; < ¢q. The quotient
aj; may be negative, zero, or positive. If the remainder is zero, Ry = 0, the process
terminates with the unique result that the continued fraction expansion for p/q is
aj. If the remainder R # 0, then we rewrite (3.10) as

P 4— 0<R <gq (3.11)
q

and continue the process by dividing g by R;.

q R
_— = — 0<R R 3.12
R, ax + R, <R <R (3.12)

The quotient a; is the unique integer that makes the remainder 0 < R> < Rj. If the
remainder R, = 0, the process terminates with the unique result that the continued
fraction expansion for p/q is a; + % If the remainder R, # 0, then we continue
the process

4 oyt —  0<Ry <R (3.13)
1

and find the quotient and remainder for R;/R> and keep repeating the process until
aremainder R, = 0. This situation will happen because the sequence of remainders
getting smaller.

q>R;>Ry>R3>--- (3.14)

Example 90 Expansion of rational and irrational numbers to continued fractions.
Let us expand the rational number 96,/29 into continued fraction.

96—3+9 =3+ | =34 !
29 29 29 © 2
- 3+_
9 9
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1 1

1
=3+—1=3+ =3+ i (3.15)
3+§ 3+§ 3+4+—]
2 2 2

The continued fraction will end up at a point and it shows the number 96/29 is
rational.
Now let us expand an irrational number such as V/2 to continued fractions.

(vV2—1) (v2+1) .

V2=14vV2-1=1+ =14+ ——
V241 14++/2
1
=14 =1+ i
1+1+—— 24 ——
142 14+42
= 1+ ! 1+1 ! (3.16)
- 1 24+ 2+
2+
2+

The continued fraction will not end and it shows that v/2 is irrational. If the irrational
number is given as a known decimal number such as V2=1414--. , then there are
classical methods, such as flip method, to derive their continued fractions. However,
if the irrational number is given by a symbol such as /2 or 7, then there is no
standard way to find their continued fractions. The easiest way would be developing
an equation in which the symbol also appears in the denominator of a fraction on
the right-hand side.

Example 91 Continued fraction individual equations.
For any real number x, the system of equations

x = bg+ aju; O0<u; <l (3.17)
1
— = b1 + aruy O<upy <1 (3.18)
Uy

1
— =by + azus O<uz <1 (3.19)
us
— = b3 + aquq O0<ug <l (3.20)

us



3.1 Rational and Irrational Numbers 197

with a;, b;, (i =1,2,3,...) to be integers, is known as the continued fraction
algorithm to represent x (Battin 1999).

aj
@
as

x =by+

(3.21)
by +

by + ————
> by + agus

Example 92 Continued fractions notations.

To show the continued fractions in a line in a compact form, several authors have
proposed different methods (Lyusternik and Yanupolskii 1965). We use the method
that Rogers (1893) proposed,

ai ar a2 a3
bo+ byt a =0t ok bt (322)
by +

a3

by + .
However, the method of Pringsheim (1898)

a a a a
T T (3.23)
by + by b2 |b3

a
by + 3

by +

b3+ .
and method of Miiller (1920)

a .ap.ax.a
1a2 — b2y (3.24)
by + by by b

a
by + 3

bo +

by + .

are also alternative ways to represent continued fractions. The fraction a, /b, is
the nth partial quotient of the continued fraction (3.22). The a; and by are the
coefficients of the continued fraction; aj, a», as, ... are their partial numerators
and b1, by, b3, ... are its partial denominators. We assume that all coefficients of
a continued fraction are finite; all partial denominators of a continued fraction are
nonzero.

Another compact notation for continued fractions is also introduced by Alfred
Pringsheim (1850-1941).

x= [bo; “—"} (3.25)
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This notation is similar to y = Y 7o | ax for continued summation y = a; + a2 +
az + - - - and suitable to express a function.
The notation py /qy is the kth convergent of the continued fraction (3.22).

a daz as an Pn
bo+ - o =— 3.26
O bi+ bot bst b qn (3:26)
Therefore,
b bob
po_b p_ o a_ bbita 3.27)
q0 1 q by b
a bob1by + boay + a1b b +a
Q=bo+ 1a2: 00102 + boaz 102 D2p1 2P0 (3.28)
92 by + = ax + biby baq1 + axqo
by
and
Pn = bnpn—l + an Pn—2 (329)
qn = bpgn—1 + angn—2 (3.30)
or in matrix form as
|:pn:| =b, |:pn—li| +ay |:pn—2:| (3.31)
qn qn—1 qn—2
then
& _ bnpn—] + aypn—2 (3.32)
qn bugn—1+ angn—2
k=ko

Whenever possible, we may show a continued fraction by the symbol K _ ki such
as

2774 aq
fi = K2, (b—) = @ (3.33)
k by + —
by +
by +
ay ap
fn = Kj_, (17) = @ (3.34)
k by + —&;
by +
a
bnfl + =

by
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.. . . . k=ky
similar to a continued summation notation Z ay,
k=k
= 3.35
gk—Zkzlak—a1+a2+a3+-~- (3.35)
n
gn=Zk:1ak=a1+az+a3+~-+an (3.36)
d similar to continued products | [
and similar to continued products l_[kzk] ay.
o
hp = Hk:l ar=ayaxaz --- (3.37)
n
h, = Hk:l ar=aijaxas --- da (3.38)

Example 93 Continued fraction of /x.
Expanding /x into continued fractions indicate how a function can be expressed
by continued fractions.

y=+x (3.39)

(Vx=1)(Vx+1) x—1

= =l+Jx—-1=1+ =1+
y=vx V¥ 1+ > L+ /%
x—1 x—1
=1+— =14+ ——
e X2t b Xl
1+ /x 1+ /x
x—1x—-1x-1
=1 3.40
+2+ 24+ 2+ ( )
Therefore, we are able to find expansion for radicals.
1 1 1
V2=l —— —-- 3.41
+2+2+2+ ( )
2 2 2
3=14+———--. 3.42
V3 +2+2+2+ ( )
4 4 4
5=14+—— —--. 3.43
V5 +2+2+2+ ( )

The continued fraction for the square root of a number that has exact value such as
/4 can also be expressed by an infinite fractions,
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3 3 3
Vi=14-———... (3.44)
that converging the exact value.

V4 =25, 1.8571, 2.05, 1.9836, 2.0055, 1.9982,
2.0006, 1.9998, 2.0001, 2.0000, 2.0 (3.45)
Example 94 Flip method expansion to continued fractions.

Consider a positive number ¢ and let |c| denote the largest integer of c. Starting
with a positive number ¢y we write

1
co = Leo] + (co — Leol) = Leo] + —1 (3.46)
co — Leol
and then,
1 1
cp=———=lc]+(c1 = le)) = le1] + ——— (3.47)
co — Leo] 1
c1 — el
1 1
0=——"—=|c]+ (-] =]+ —F— (3.48)
cr — ey 1
2 — |eal

We repeat this process until it stops for rational numbers, or continues infinitely for
irrational numbers (Lorentzen and Waadeland 2008).
As an example,

1
co=1234=1+—— (3.49)
0.234
1
= =42735=4 3.50
c 0234 + i ( )
02735
- —3.6563 =3 351
2= 02735 T (3-51)
0.6563
- =1537=1 352
3= 06563 T (3.52)

0.5237
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€= Gaags = 19095 =1+ — (3.53)
0.9095
1 1
&= G095 = 10995 =1+ — (3.54)
0.0995
1 1
¢ = G595 = 1005 =10+ —— (3.55)
0.05
1= 55s =20 (3.56)

therefore,

12345 =14+ —— — — — — — — 3.57
+4+ 34+ 1+ 1+ 14 10+ 20 (357

Example 95 Euclid’s algorithm for greatest common divisor.

Euclid (third century BC) is the first who reported algorithm for finding the
greatest common divisor of two integers a and b, with a > b. First, divide b into
a to get a = ajb + R, where a; is the quotient and R is the remainder. Hence
a/b = a; + R/b, which can also be written as:

=a;+ (3.58)

a
b

o) o]~

Then, divide R into b and we have b = a; R + R, which we can write itas b/R =
az + R1/R. Substituting in (3.58) we get:

1

@t R

Ry

a
b

Continuing the Euclid’s algorithm leads to a continued fraction (Kline 1972).

1
2 _a+ — (3.60)

b
ar +

a3+ -

The Euclid’s algorithm process also applies when a < b, which in that case a;
would be zero. In case of @ and b are integers, the continued fraction terminates
showing a/b is rational.
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Example 96 History of continued fractions.

Euclid’s method for finding the greatest common divisor of two numbers
is the basic method of converting a fraction into a continued fractions. Indian
mathematician Aryabhata, who died around 550AD has touched the continued
fractions in his writing. Aryabhata’s work contains one of the earliest attempts at
the general solution of a linear indeterminate equation by using continued fractions.
The modern theory of continued fractions began with the writings of Rafael
Bombelli (1526-1572) and Pietro Antonio Cataldi (1548-1626) from Bologna,
Italy. Bombelli’s treatise on algebra contains a chapter on calculating square roots
by continued fractions (Merzbach and Boyer 2011). In our modern symbolism he
showed, something such as

4 4
VI3 =34+ — — ... 3.61
+ 6+ 6+ ( )
and it shows that he knew
b b
24 p = 7 ... 3.62
@t at 2a+ 2a+ ( )

Pietro Antonio Cataldi (1548-1626), in a treatise on the theory of roots (1613),
expressed +/18 in the form

2 2
VI8 =44+ — — ... 3.63
+8+ 8+ (3.69)

Daniel Schwenter (1585-1636), who was a professor of mathematics at the Univer-
sity of Altdorf, Germany, in his book, Geometria Practica, found approximation of
177/233 in the form of continued fractions.

The decades of the 1650s and 1660s were the birth years of some infinite methods
including the continued fractions method. John Wallis (1616-1703) was the first
person to derive an infinite product fractional definition in 1655, using only rational

operations to determine 7 in his book “Arithmetica infinitorum.” It was also Wallis
who used the term “continued fractions” for the first time.

2x2x4x4x6x6X%X---
X IX3x3x5x5x--
4 3Xx3Xx5Xx5xTXxTx9%x9x---
T 2xAxdx6x6xX8x8x10X---

T = (3.64)

(3.65)

Lord William Viscount Brouncker (1620-1684), the first president of the Royal
Society, transformed Wallis’ result into the form of a continued fractions (Beckmann
1971).

12 32 52 72 92
AL A AR 3.66
P VRl WUl R WU ¥R (3.66)

~
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Christiaan Huygens (1629-1695), as reported in his treatise, Descriptio Automati
Planetarii (1698), used continued fractions to approximate the design of the toothed
wheels of a planetarium. He was the first to demonstrate a practical application of
continued fractions. Roger Cotes (1682—1716) in his Philosophical Transactions of
the Royal Society of London showed

e+1 1 1 1
-2t — — —
e—1 6+ 10+ 14+

. (3.67)

and proved e and 2 are irrational. And here he comes, the Swiss mathematician
Leonhard Euler (1707-1783), the king of mathematicians who pushed the bound-
aries of mathematics, science, and engineering in all directions. Euler took up this
subject. In his tint paper “De Fractionibus Continuis,” he derived several interesting
results, such as

e—1=1y - L L L1111 (3.68)

Euler’s best contribution was showing how to go from a series to a continued
fraction, and conversely (Euler 1988). Lagrange used continued fractions and found
approximations to the irrational roots of equations, and then, he got approximate
solutions of differential equations in the form of continued fractions. He showed
that continued fractions are much better approximations than series, however,
working with continued fractions is not as easy. Differentiation, integration, and
even calculation of continued fractions are challenging. That is the main reason
behind putting this subject out of the agenda of mathematical subjects in educations.

Example 97 Flip method and approximation of 7 by continued fraction.
Let us begin with known value of .

7 = 3.1415926535897932384626433 - - - (3.69)
It may be written as

7w =34 0.1415926535897932384626433 - - -
1
1
0.1415926535897932384626433 - - -
3+ !
7.0625133059310457697930051 - - -
1

=3 3.70
+ 7 + 0.0625133059310457697930051 - - - (3.70)

Ignoring the small fraction 0.0625---, we may have a reasonable and simple
approximation for 7 with less than 0.2% error.
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1 22
~3+ - =— =3.1429 3.71
b4 + 7= (3.71)

We may continue the flipping process to get a better approximation.

1
74 0.0625133059310457697930051 - - -
1

1
1

0.0625133059310457697930051 - - -

1
1

+ 15.996594406685719888923060 - - -

1
1

7
+ 15 4 0.996594406685719888923060 - - -

=3+

=3+

7+

=34

7

=3+

(3.72)

The number 15.99659 is very close to 16 and we may have a better approximate for
 with exact value up to 6 decimal digits.

1 355

~3 = — 3.73
T + - T 713 (3.73)
16
=~ 3.1415929203539823008849557 - - -
The next steps will generate another fraction of approximation.
1
T =3+
7+ !
15 4 0.996594406685719888923060 - - -
=34 1
T+ I
15+ 1
0.996594406685719888923060 - - -
1
=34 i (3.74)
T+

1
* 1.0034172310133726034641468 - - -

15
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=34 : (3.75)
7+ :
15 +

14 0.0034172310133726034641468 - - -

T+ 1

15+
1+

0.0034172310133726034641468 - - -

1
=34 - (3.76)

T+ 1
15+

1
1
+ 292.63459101439547237857177 - - -

Let us ignore the 0.634 --- and approximate the result with a rational number to
compare with 7,

34 1 103993 3.77)
7[ ~ = .
1
74 1 33102
15 + i
14+ —
+ 292
=~ 3.1415926530119026040722615 - - -
or round it up and get another approximation rational number for 7.
1 104348
T ~3+4 I = 3315 (3.78)
[ —
15 + 1
14+ —
+ 293

=~ 3.1415926539214210447087159 - - -
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: 103993 . 104348 : :
Therefore, either 33757 Or 33575 may be used to approximate 7 which are correct

up to 9 decimals. To have an estimate of how exact is & =~ 13034231458 let us calculate
the circumference Cg of the Earth. The radius of the Earth at the equator is R, =

6378 km (= 3963 mi).

Cg = 2R,m = 40074155.889 m (3.79)
104348
c——— = 40074155.893 m (3.80)
33215
The error in calculating circumference of the Earth is less than 0.5 cm by using
104348
T = 33505 -

If we have the numerical value of a number, rational or irrational, we will be able
to form the continued fraction by repeatedly flipping and separating off the whole
integer part.

Example 98 ¥ history of the approximation of 7 as a transcendental number.

Pi () has been the first and the most interesting mathematical object in the
history of mathematics and science. It has been studied seriously by every major
culture. Although for practical use, no more than six decimal places are needed,
m has been calculated to over several quadrillion decimal places (Borwein and
Borwein 1987). The Egyptian papyrus from 2000BC gives a value of

16\?
(5 ) =3.16049 (3.81)

A Chinese document of 1000 years old beautifully shows the ratio to be

355
T~ =3.1416 (3.82)
113

The first rigorous mathematical calculation of m was due to Archimedes (288—

212BcC) who used double circumscribed polygons of 6-gons, 12-gons, .. ., 96-gons
to show that

10 10
— (=3.14 — (=3.142 .
371 (=3.14085) < 7w < 370 (=3 86) (3.83)

Figure 3.1 illustrates the case of 6-gons, 12-gons.

Archimedes’ scheme is the first known true algorithm for approximating m as
accurate as we wish. If a, denotes the length of a circumscribed 6 x 2"-gon and b,
denotes the length of the associated inscribed 6 x 2"-gon about a circle with unit
length diagonal,

2a, b,
an + by

(3.84)

an41 =
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f
<

Fig. 3.1 Archimedes’ method of computing 7= with 6-gons and 12-gons

byt = vV an+1bn (3.85)

an+lbn
Anil —bpi1 = (an — by) (3.86)
PO G —bar) (an by "

then these equations may be iterated starting from ap = 2+/3 and by = 3, to
calculate . Both @, and b, converge to m (Jonathan and Chapman 2015). The
fourth iteration provides a4 >~ 3.1429 - - - and b4 =~ 3.1408 - - - corresponding to the
96-gons (Borwein and Bailey 2008). A thousand years after Archimedes, Jamshid
al-Kashi (1380-1429), a Persian mathematician, using 3 x 2%8-gons = 805306368
sides, calculated 27 in sexadecimal that was accurate to seventeen decimal places
(Aydin and Hammoudi 2019).

) 6+16+59+28+1+34+51+

T~ —t =t =+ —+—=+—
60 602 603  60* 605 600
46 14 50

+W + @ + @ (3.87)

Al-Kashi’s approximation of m, in 1424, was a remarkable achievement for that
time that far surpassed all approximations of & by all previous mathematicians
throughout the world. Ludolf van Ceulen obtained the value of m correct to 35
decimal places in 1610.

Francois Viéta (1540-1603) introduced the first infinite expansion formula

2 V2V24V2Y2+V2+42
== -

T

(3.88)

and around 100 years later, John Wallis (1616-1703) provided his infinite product
to calculate 77 /2, similar to (3.64) and (3.65).
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T 2X2x4x4x6x6X%---
5= (3.89)
2 I1x1Ix3x3x5x5x%x---

Lord Brouncker (1620-1684) presented w by continued fractions (Borwein and
Borwein 1987).

2 1 9 25 49 81 (3.90)
7 14 24 24 2+ 2+ '

There are thousands of series expansions and continued fractions that lead to .
Many of them are eye catching due to their symmetry, harmony, or interesting
arrangements. As an example of symmetric continued fraction we may include the
following one that has been recently founded by Leo Jerome Lange (Bailey and
Borwein 2016).

12 32 52 72
=34+ -— ... 3.91
=0 3 6t oF 64 391)

Example 99 Flip method and approximating ~/2 by continued fraction.
As we know,

V2 = 1.414213562373095048802 - - - (3.92)
therefore,

V2 =1+ 0.414213562373095048802 - - -
1
1
0.414213562373095048802 - - -
1
+ 2.4142135623730950488 - - -

=1+

=1

(3.93)

1
2 +0.4142135623730950488 - - -
1

1
1

0.4142135623730950488 - - -

1
1

2.414213562373095048812 - - -

V2 =1+

=1+
2+

=1+

(3.94)
2+

and finally we have:
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1 11
V2=l 4 =[1,2,2,2,2,.. ] (3.95)
- 1 2+ 2+

1
2+

24

Example 100 Convergents of /2.
Having V2 = [1,2,2,2,2,...] as a simple continued fraction, we may calculate
its convergents.

1 3
P _ pe_ 422 (3.96)
q0 q1 2 2
1 7 1 17

P 245 7 24—

2 —

)
1 41
ﬂ=1+—1=E (3.98)
4 2+ T
2

The convergents of a continued fraction approaches the exact value gradually and
usually alternatively. The table below indicates convergent of v/2.

k10123 4 5 6 7 8
pr 1 37 17 41 99 239 577 1393 (3.99)

Example 101 Periodic continued fractions.
A continued fraction A is called periodic if it is in the form:

A = [005a17a27~"aaM7b07blab25 "'7bn’b07b15b29'~'abna~"] (3100)
= [ao, a1, a2, ..., am, bo, b1, b2, ..., by] (3.101)

Any periodic continued fraction

A=[ao,al,az,...,am,bo,bl,bz,...,bnj (3.102)
is equal to a number of the form

_pravr
S

A (3.103)
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with p, g, r, s integer and s > 0.
Conversely, having p, g, r, s integer and s > 0, any number of the form

4= Pravr (3.104)
s
has a periodic continued fraction.
Consider a continued fraction with repeating quotients such as:
A =1[by,b,b,b,b,...] (3.105)
It may also be written as:
A =by+ ! —b—i—l (3.106)
~ O b bb,..1 VB '
B=1[b,b,b,b,...] (3.107)
We may rewrite B in fraction form,
B =by+ ! —b+1 (3.108)
" bbb 1T B -

considering that the denominator is also equal to B. Multiplying both sides by B
B> =bB +1 (3.109)
and using quadratic formula for the positive root, determines B.

b+ b2 14
B=+—2+ (3.110)

Now A would be
A =bo+ L_, + 2
= D — =D _—
B b+b*+4
N 2 b—Nb2+4
b+ vb2+4b—Vb*+4

b—x/b2+4_2b0—b+«/b2+4
2 2 2

:bo

= by + (3.111)

to have an equation for simple continued fractions with repeating quotients.

2b0—b+vb2+4

= [bg, b, b, b, b, ... 3.112
> 5 [bo ] ( )
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If bg = b then,
# = [b,b,b,b,b,...] (3.113)
and if b = 2bg then,
\/@ = [bo, 2by, 2by, 2by, 2by, . . .] (3.114)
As an example,
A=12,3,3,3,3,..1=1[bo,b,b,b,b,...] (3.115)
is equal to:
A=2b°_b+m=]+m (3.116)
2 2 2
and
A=102,2,2,2,2,...1=1[b,b,b,b,b, ...] (3.117)
is equal to:
A=b+m:2+ﬁ=1+ﬁ (3.118)
2 2
and
A=1[3,6,6,6,6,...]1 =[bo,2bg, 2by, 2by, 2by, .. .] (3.119)
is equal to:
Az\/bgiz 9+1=+10 (3.120)
Example 102 Trrational numbers.
Any number of the form
x = @ (3.121)

where p, g, r, s are integer and r is not a perfect square, and s > 0 is an irrational
number. Such a number is called a geometric quadratic irrational because it is the
root of a quadratic equation.
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s2xr —2psx + p> —rg®> =0 (3.122)

Any quadratic equation may be solved by continued fractions following these
steps:

1. find x2,

= — - — (3.123)
2. divide both sides by x,

_ 2 pP-rg
XI=— — —

5 (3.124)
s §2x
3. substitute the right-hand side for x into the right-hand side,
2 2 _ 2
x=2L_ P (3.125)
§ p-—rq
2ps — ———
4. keep substituting for x on the right-hand side.
2 2 2
x=22_ Ll - (3.126)
2ps — P =
2p p*—rq’
5 2,2
2ps — 127 T4

Example 103 Unusual repeating quotients.
Let us consider a continued fractions with few unrepeating and repeating
quotients.

A=16,2,2,3,11,21,21,21,21,21,...] (3.127)

To find the associated value to the continued fractions, we pull off the nonrepetitive
part,

B =[21,21,21,...] (3.128)
2+
2+
3+

11+ —
+B
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then we find the value of the periodic part of the continued fraction.

1 21+ /445

B =21+ — B 3.129
+ B 2 ( )
Therefore,
1
A=6+ i ~ 6.4115 (3.130)
2+ ; T
+ 1
3+ I
1+ ——
21 ++/445
2
3.2 Convergents of Continued Fractions
The convergents and partial quotients of continued fractions
a az as
x=by+-— — — - 3.131
0 b1+ by+ b3+ ( )
A (3.132)
by by b3 by,
have recursive relations to calculate convergents,
Pk = bi pr—1 + ax pr—2 k>2 (3.133)
Gk = br qr—1 + ar qr—2 k>2 (3.134)
starting with
po =bo p1 = bob1 +a; (3.135)
qo =1 q1 = b (3.136)

Proof Recursive formulas are easier to be proven by induction method. We have:

b
% _ TO (3.137)
bob
p1_ bobi +ai (3.138)

q1 by
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P2 _ arbg + a1by + bob1 by _ arbg + by (boby + ay)

@ biby + az B biby +az
b
_ haritapo (3.139)
baq1 + axqo
therefore,
p2 = bap1 +axpo (3.140)
q2 = byq1 + axqo (3.141)
Now let us assume that (3.133) and (3.134) are correct for k = n,
Pn = by pn—1+ay pn— (3.142)
Gn = bn qn-1+ an qun—2 (3.143)
and use that assumption to prove it is also true for k = n + 1.
Pnt+1 = b1 pn + Gnt1 pn—1 (3.144)
Gn+1 = but1 gn + ant1 Gn-1 (3.145)

We may combine the last two terms of the continued fraction

ar ax An—1 an Gny
b05_5_7"'5_5_a } (3.146)
|: by by bu—1 by bpy1

and rewrite it as a continued fraction with one less term.

ay a an—1 apbpt1 :|
b07_’_5"" ) (3.147)
|: by by bu—1 bubuy1 + any1

Let us rename the continued fraction (3.147)

1 2 Ch—1 Cnp
COy, 575 5 vy s (3.148)
|: di dp dm—1 dn:|

where
% g<k<n—1 (3.149)
dp ~ by
En _ Gn Gntl (3.150)

dn bn+ bn+1
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and show the convergents of (3.148) by capital letters.

Py o)
— === 3.151
0o [ 1 ] <0 (3.15D)
Py [ c ] codi + ¢y
— =y, — | = ——— (3.152)
01 d d
P d d> (dod
_22[60’6_1’6_2]=62 o + da (dody + c1) (3.153)
0> dy d didy + ¢
Based on (3.142) and (3.143), we have
Py =di Pr—1+ck Pr—2 0<k<n (3.154)
Ok =dy Qk—1+ck Qk—2 0<k=n (3.155)
and therefore,
|:607C_]’C_2"”’C_ni|=ﬁ:ann—l+CnPn—2 (3156)
di dy dy On dyp Qn—1+cp Qn—

Because cx = a; and dy = by for 0 < k < n — 1, the nth convergents are the same
for (3.147) and (3.148) and we may substitute equivalent terms in (3.156).

1 2 Cn Py, _ by Po_1+an P2

[co,—,—,...,—} =" = (3.157)
dy do dy Qn by, anl +a, Qn72
As we also know
L R L I
dy d» dy by by b3 but1
Cn _ An Gnt1 __ Gnbay (3.159)
dy bn+ byt bubp i1 + ant
we find
[bo ap ax an+1} _ dp pn—1+Cn pn—
"by by by dy Gn—1 + Cn Gu—2
. (bnbn-H + an—H) Pn—1+ anbn+l Pn—2
(bnbpt1 + ans1) qn-1 + anbpi1 gu—
_ buy1 (bppn—1 + anpn—2) + an41 P (3.160)

B bn—i—] (anIn—l + anQn—Z) + an+1 gn-1
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but

Pn =by pp_1+ay pn
Gn = by qn-1 +an gn—2

and therefore,

[bO a az an+1:| _ bpt1 pn + an+41 pn—1
"bi by byt buy1 qn + ant1 gn—i

By definition, we have

ay az ap+1 Pn+1
bo, —, — =

by by’ by dn+1
and hence
Pr+1 _ bt P+ ant1 pn—i
Gn+1 bag1 gn + an1 g
or

Pk _ bk prr1 +an pr—2
k. br i1+ an g2

k>2

and the proof is completed.
The convergents and partial quotients of simple continued fractions

1 1 1
b1+ b+ b3+

x =by+

have recursive relationships of

Pk = bi pr—1 + pr—2 k>2
gk = by qr—1 +qr—2 k>2
starting with
po = bo p1 = boby + 1
qo =1 q1 = b

(3.161)
(3.162)

(3.163)

(3.164)

(3.165)

(3.166)

(3.167)

(3.168)
(3.169)

(3.170)
(3.171)
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Example 104 Transformation of a continued fraction to another.
It is proven by Stolz (1885) that if

lim py = 00 (3.172)
k—00
lim g =00 g1 > g (3.173)
k—o00
then,
lim 2% = fim PAELTPE g Pl Pk (3.174)

k—oo gx k=00 qk+1 —qk k=00 qk+1 + gk

provided the limit on the right-hand side exists.
Employing Stolz’s theorem and the recurrence relations (3.29) and (3.30),

Pn = bupn—1 + anpn—2 (3.175)
Gn = bnqn—1 + angn—2 (3.176)

we can transform a continued fraction

x=byt L B2 (3.177)

into another continued fraction (Lyusternik and Yanupolskii 1965),

ay+ by —1
-
ai w+b—1 gt b—1°
x =by+ —
by — 14+ by —1+ a3+ b3 —1
by — 14+ ————
a+ by — 1
a, +b, — 1
—_— Gy
an_1+by,_1—1 (3.178)
b1+ ap +b, —1 '
! an-1+by-1 — 1
or
by —az+1
= 2 0
a by—a+1 by—ax+1
x=b0—|—b —
1+1— b+ 1+ b b3 —a3 +1
Y R
by —apy+1
b, —a, +1
—_— Gy
b1 —a,_1+1 (3.179)
b, —a, +1 )
b, +1—

by—1 —ay—1+1
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As an example, we may show that:
1 1 1 1
V3=l4——— ... (3.180)

is equal to

V3i=l4— = — — — — .. (3.181)

or is equal to

314 - L2 L& 3182
el S e -182)

Example 105 New and equivalent continued fractions.
Consider the nonzero real numbers ¢y, ¢z, c3 and a continued fractions x.

aq bo -+ aq [75) as
= Do _—
by + @ b1+ b+ b3+

a3
by +
2 by+---

x =by+

(3.183)

Multiplying ax, by, and ax1 by an arbitrary finite number ¢ # 0,k =0, 1,2, ...,
the value of the continued fraction is unaltered. Let us keep three fractions and
multiply the top and bottom of the first fraction by ¢,

c1aq

X =bo+ raw (3.184)
c1by + 1—2a3
by + —=
2+ by
and then multiply the top and bottom of the second fraction by ¢,
=b ad 3.185
X =bo+ b cyciaz G )
c1b1 + 203
by + —
b3
and then multiply the top and bottom of the third fraction by c3,
ciag clar caclay €3cas
=b =b 3.186
r=ho —aam T Dbt abs (.180)
cibr + C3Cha3
by +
c3b3

we get two equivalent finite continued fractions.



3.2 Convergents of Continued Fractions 219

a az as c1ay C2€1az €30243

b+ — — — =bp+ 3.187
b1+ by+ b3 cibi+ caby+  c3b3 ( )
In general for any real numbers ay, a2, a3, ..., b1, ba, b3, ... and real nonzero
constants ¢y, ¢2, ¢3, . .., we have:

a ax as Ak

by +
b1+ by+ b3+ b+
clay Cac1az c3cdas CkCk—10ak .

= by + 3.188
0 cib1+ cbry+ c3bz+ ckbr+ ( )
let us use +/2 as an example,
2=1+ Lt 11 (3.189)
N 2+ 2+ 2+ 2+ '
and constants ¢y, ¢, ¢3, ..., equalto 1, 2,3,4,5, ---. We will have:
1 2 6 12
2=14+—— — — . 3.190
Va=1+4 2+ 4+ 6+ 8+ G190
or if we choose c1, ¢3, ¢3, .. ., equal to 3, then:
3 9 9 9
2 = - -~ ... 3.191
(R R ol u -151)

Example 106 ¥ Length of a year.

Astronomers distinguish 3 years: (1) the sidereal year; the length of the year
measured by reference to fixed stars; (2) the anomalistic year; the interval between
two successive returns of the earth to perihelion; (3) the tropical year; the interval
between two successive returns of the sun to the equinox. It is the tropical year
that the seasons depend on Philip (1921). The perihelion is the point in the orbit
of a planet that is nearest to the sun. It is the opposite of aphelion, which is the
point farthest from the sun. An equinox is the instant of time when the Earth’s
equator plane passes through the center of the Sun. At that moment the center of the
visible Sun is directly above the equator. Equinox occurs twice each year: around
20 March and 23 September. On the day of an equinox, daytime and nighttime are
of approximately equal lengths all over the Earth. In the Northern Hemisphere, the
March equinox is the spring equinox and the September equinox is autumn equinox.

The length of an astronomical year is approximately equal to:

ly ~365d 5h48min 555 (3.192)
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and the length of a tropical year is approximately equal to:
ly>~365d5h48min45.5s (3.193)

The approximation of 1 year to 365 days makes error around 6 h per year. The error
accumulates so fast such that the shift of seasons will be noticeable in a few decades
(Khrushchev 2008). The exact year in days is:

5 /48 1 55 1 1
1y~ 2 R —
y=365+ 0+ (60 24) + (60 50 24)

=365+ 20935 T d =365+ 4187 d (3.194)
- 86400 17280 '
~ 365.2423032407407407407407 - - - d (3.195)

The fraction of a day may be expanded to continued fractions say by flip method.

4187 1 1 532 1 1 463
17280 = 17280 ~ 4+ 4187 = 4+ 7+ 532
4187

- (3.196)
44 T+ 14+ 6+ 1+ 2+ 2+ 4+ 2
The convergents of the continued fraction are:
1 7 8 55 63 181 425 1881 4187
— == ==, —, —— (3.197)

4°29°33°227°260° 747" 1754’ 7763 17280

Convergents of a continued fractions approach the exact value alternatively by being
greater and less than the exact value alternatively.
The tropical year would be

ly ~365d5h48min45.5s
a5+ 2+ (5 <o)+ (a5 <05 7 31
24 60 24 120 60 24
41851

= = 0.2421932870370370370370d (3.198)
172 800
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The length of a year, approximated by 365 + % = 365.25d is greater than a year,
and 365 + ﬁ% =365+ 27—9 = 365.24 d is less than a year. Therefore, every 4 years
we will have a little less than 1 extra day. This adds 1 day (29 February) every leap
year in the Julian Calendar, whose length is 365.25 days. The extra day is added
to each year that is divisible by 4: - - -, 2008, 2012, 2016, 2020, 2024, 2028, 2032,
---. However, the error is not fully covered by this formula. We actually need only a
little less than 8 days every 33 years or a little less than 97 days every 400 years. To
manage the required compensation, the Gregorian Calendar converts 3 = 100 — 97
leap years within the range of every 400 years into ordinary years. That was why
the years 1700, 1800, 1900 were ordinary years and years 1600 and 2000 were leap
years. Because

97 4187 17

2 L _0.000197456- - - (3.199)
400 17280 86400

the Gregorian calendar makes 17 days error every 86,400 years or about 2 extra days
every 10,000 years.

The Gregorian calendar was accepted in 5 October 1582 by Pope Gregory (540—
604), in which 1 year is equal to 365.2425 days. At that time the difference between
the Julian and Gregorian calendars was already 10 days. To make up the error, the
day of 5 October 1582 was announced to be 15 October 1582. Therefore, the days
of 4th to 14th of October 1582 do not exist in calendar.

The length of year cannot be counted by exact number of months, weeks, and
days (Dershowitz and Reingold 2008). Approximating a year to be 365.24244 days,
and a month to be 29.53059 days make their ratio to be:

365.24244 1
2953050 — 12 + i (3.200)
' 2+

1+

2+
1+

I+
18 +

3+

Example 107 ¥ Calendar history.

Different interpretations of Moon-based and Sun-based calendars have been used
in different places of the world at different ages by different nations. Generally
speaking, those nations who were living close to shores and hence their living style
were dependent on sea, and therefore on tides and moon, used lunar calendars. Also
those nations who were living close to equator, had only one hot season and did
not feel the changes of seasons very much, used lunar calendars. On the other hand,
people whose living were based on farming and agriculture, needed to plan based on
seasons and used solar calendars. However, sun-based calendars were more common
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and eventually became internationally accepted. Solar years always started at the
spring equinox of the northern hemisphere at the moment that assumed to be the
birth of sun.

As there is no calendar systems currently in use that perfectly reflects the length
of a tropical year, the calendars are compared by their errors. There are calendar
systems that are more accurate than the Gregorian calendar. The Persian calendar
is the most exact one due to the length and the beginning of its year as it is set
based on two natural astronomical factors. The beginning is set by the moment that
the center of the Sun and the vernal equinox during the Sun’s apparent revolution
around the Earth collide. The length is between two successive apparent passages
of the Sun’s center across that point. Therefore, its beginning is the beginning of
natural solar year, its length is the length of solar year, and the length of its months
is very close to the time of the Sun’s passage across twelve signs of the Zodiac from
Farvardin/Aries to Espand/Pisces. The length of a year and the error of different
calendars are:

1. Persian calendar, 2nd millennium BC, 1y ~ 365.2421986 d, with error of less
than 1s/y, (1din 110000y).

2. Revised Julian calendar, 1923, 1 y >~ 365.242222 d, with error of less than 2 s/ y,
(1din 31250y).

3. Mayan calendar, 2000BC, 1y =~ 365.242036 d, with error of less than 13s/y,
(1din 6500y).

4. Gregorian calendar, 1582, 1y ~ 365.2425 d, with error of less than 27s/y, (1d
in 3236y).

5. Jewish calendar, ninth century, 1y =~ 365.246822d, with error of less than
7min/y, (1din 216Yy).

6. Julian calendar, 45BC, 1y =~ 365.25d, with error of less than 11 min/y, (1d in
128y).

7. Coptic calendar, 25BC, 1y >~ 365.25d, with error of less than 11 min/y, (1d in
128y).

Darius the Great (550-486BC), the third Persian King of the Achaemenid Empire, in
520BC ordered his astronomers to make required corrections in the old Zoroastrian
calendar to remove its minor error. They set a year to start at equinox with 12
months, 30 days each, and the left over time till next equinox for celebration, pray,
and holiday. Persian at the Darius era did not have weeks, instead every month and
every day of months had special name (Idem 1965; Gray 1907; Panaino et al. 1990).
Week is a man-made unit with no link to natural phenomena. The seven planets
visible to the naked eye inspired the formation of weeks. That is why weekdays are
named after celestial bodies. The present universal week is of ancient Greek, Rome,
and Hebrew origin, and has been generalized by Jewish, Christian, and Persian
persuasion (Saha and Lahiri 1955; Ben-Dov et al. 2012).

Later in 1075, the king Jalaluddin Malekshah, king of the Seljuq Empire from
1072 to 1092, asked Omar Khayyam (1048-1131), the greatest astronomer and
mathematician of the time, and seven other mathematicians, to reform the Persian
calendar to the most exact one. The reformed calendar, that named Jalali after king
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Jalaluddin, is the one that still works as the most accurate world calendar. The
Persian calendar was kept safe by Parsees, the Iranian who saved themselves by
migrating and taking shelter in India on the conquest of Persia by Islam in seventh
to eighth centuries AD (Morony 2012).

Months in Persian Pahlavi are: (1) Frawardin (Guardian spirits), (2)Ardwahist
(Ultimate Righteousness), (3) Khordad (Perfection), (4) Tir (Sirius), (5) Murdad
(Immortality), (6) Shahrewar (Desirable Dominion), (7) Mihr (Covenant), (8) Aban
(Waters), (9) Adur (Fire), (10) Day (The Creator), (11) Wahman (Good Spirit), (12)
Spandarmad (Holy Devotion).

Months in Roman were: (1) March, (2) April, (3) May, (4) June, (5) Quintilis, (6)
Sextilis, (7) September, (8) October, (9) November, (10) December, (11) January,
(12) February. In 40BC, the Roman Senate decreed that the month Quintilis should
be called July after Julius, because Julius Caesar (July 100-44BC) was born in that
month. Also the month Sextilis was named Augustus, because the emperor Augustus
was born in that month.

The Romans calendar at the time of Romulus, the first king of Rome, in the
700 s BC had 10 months, 304 days long: Martius, Aprilis, Maius, Junius, Quintilis,
Sextilis, September, October, November, and December, plus around 61 days of
winter. Arians round 2000BC celebrated the New Year at the Spring equinox,
currently around March 21. This natural beginning of the year were adopted by
many nations around Persia including Mesopotamia as well as Macedonia and
Greece. Romulus celebrated the first Roman triumph, after his victory over the
Caeninenses, on 21 days before the beginning the new year in 752BC. To celebrate
this event and honor the beginning of the Roman empire, they shifted the 1st of
March 21 days back and set the New Year’s Day again on the new st of March,
making the Spring equinox to be on 21st of March.

The Roman ruler Numa Pompilius (753—-673BC) added January and February to
the calendar at about 700BC. It was in 153BC when Rome started celebrating the
New Year on the Ist of January to recognize the newly elected Roman consuls.
However, the beginning of the year moved between 1st of March and 1st of January
back and forth several times in different parts of Europe. Pope Gregory restored
January 1 as the beginning of the New Year according to his reform of the Catholic
Liturgical Calendar in 1752, and adopted new improved calendar called Gregorian
calendar (Feeney 2007).

It was Julius Caesar who ordered a revision of the calendar in 46BC to the point of
dismissing the lunar calendar and adopting a purely solar year. They set a calendar
having year-length of 365 days, with a leap year of 366 days every fourth year and
called it Julian calendar. The beginning of the year and hence the number of months
have moved several times to honor people and celebrate important events. In 9BC,
Caesar Augustus’ birthday (currently on 29 August) was formally adopted as New
Year’s Day. Sometimes Macedonian’s New Year’s Day was in autumn, currently
on 28 October, while those nations in Roman area under Persian empire kept the
Persian calendar having the beginning of Spring equinox as the New Year’s Day
(Hannah 2005). The idea to count years from the birth of Jesus Christ was first
proposed in the year 525 by Dionysius Exiguus (470-544), a Christian Roman
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monk. Dionysius tried to calculate the resurrection of Jesus from the dead to set
Easter. His calculation showed that the Jesus’ birthday was on December 23rd or
25th while some believed it to be on January 6th. Dionysius set Jesus birthday on
December 25rd assuming that it fell on a Saturday, and that the moon was full at 13
days old. According to modern calculations, the moon was 18 days old on that day.

3.3 Convergence of Continued Fractions

Convergence of continued fractions requires that the difference of successive
convergents becomes smaller and smaller.

Po P1 P1 D2
LY & N N

(3.201)
9 a9 9 @
pn_nr n_B»B (3.202)
q1 q2 q2 q3
. > .
DPk=3  Dk=2 o Pk=2  Dk—1 (3.203)
qk-3 qk—2 qk—2 qk—1
It can be shown that
Pe—1Gk — qi—1px = (DX k=1,2,3,-- (3.204)
dividing by gx—1gx makes
_ —1k
Pt bk DR 5 (3.205)

Q-1 Gk Gr—19k

A continued fraction is to converge if at most a finite number of its denominators g
vanish, and if the limit ¢ of its sequence of convergents exists and is finite.

lim — =c¢ (3.206)

Otherwise, the continued fraction diverges. The value of a continued fraction is
defined to be the limit (3.206) of its sequence of convergents. If the lim,_, o f;—”

n
does not exist or

Pn

lim 2% = oo (3.207)
n— 00 ql’l

or
im 2% = —oo (3.208)
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then the continued fraction is divergent (Khovanskii 1963).
Proof 1tis true for k = 1.
Poq1 — p1qo = boby — (bibp — 1) = —1

Let us assume that (3.204) is true for k = n,

Pn—19n — 4n—1Pn =(_1)n n=12,3,---

and we need to prove it is true for k = n + 1.

Pndn+1 — 4nPn+1 = (_l)nJr] n=123,.-.

By substitution we have:

Pndn+1 — GnPn+1 = Pn Gui1Gn + qu—1) — qn bnr1Pn + Pn—1)
= DPnqn—1 —GnPn—1 = — (GnDPn—1 — Pnqn—1)
—— (_1)}1 — (_1)l’l+l

Example 108 Series to continued fractions.
If a number x is defined by a series such that

n
x=c0+cl+cz+-~-+cn=ch
k=0

there exists a continued fractions equivalent to the approximated series.

o _—afa  —Cm/Cmot
I+ 1+c/a+  1+cm/cm—1+

X =co+

Conversely, if a function is defined by a continued fractions

225

(3.209)

(3.210)

(3.211)

(3.212)

(3.213)

(3.214)

(3.215)

there exists a series equivalent to the approximated continued fractions (Cuyt et.al.

2008).

cl —ca/c —Cm/Cm—1
X = CO+ —_
I+ I +c/a+ 1+cm/cm-1+

(3.216)
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k

k—1 .

B (=D | |j=1 aj
Pk Pk—1

co=by  cx k=1,2,3,--- (3217

A series and a continued fraction were considered to be equal if they were derived
from each other by the formal transformation

ai ay as et L iz 4
x=by+ — —— . =by+ E (=DFth == (3.218)
b1+ by+ b3+ P qkqk+1

Example 109 Convergence theorems.
Sleszynski—Pringsheim theorem states that the continued fraction

K2, <_k> _G @ @ (3219)
by bi+ b+ b3+
is convergent if for all n we have
|bn| = lan| +1 (3.220)

Worpitzky’s theorem proves that if for all n > 1

1
lan| < 1 (3.221)
then
ay ay ay aj
K2 (—):———-~- 3.022
k=111 1+ 14+ 1+ ) )
converges.

Example 110 Ascending continued fractions.
A finite continued fraction represents a rational number. To find the rational
number corresponding to the continued fraction such as

1 1 1 1 41

— = — 3.223
+2+2+2+2 29 ( )

x=1

we may rewrite it, starting from the right-hand side of the expression, in the form of
an ascending continued fraction (Kkrushchev 2008).
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1 41

_— 4 l=— (3.224)
1 29

2

Expressing in ascending continued fractions we can show 7 to be:

54...

4+ 10
1+ 10

7 =3.1415926 .- = 3 + 1010 (3.225)

1+

Example 111 Continued radicals.
Continued radicals are made by radicals nested inside each other in the following
form:

fz\/a+\/b+\/ﬁ (3.226)

Continued radicals may be transferred back and forth to continued fractions,
although continued radicals are not considered as applied.
The simplest continued radicals is when the numbers under radicals are equal.

NN A = -

This is how we find the limit A of such a continued radical.

A=vVa+A (3.228)

A’=A+a (3.229)
11

A=s = 5\/4a +1 (3.230)

The simplest case for which we have a = 1, the continued fraction has the limit of
the golden ratio @.

1445

A @ (3.231)

2
111 1
¢=/1+\/1+\/1+«/1+—...=1+ ——————— (3.232)

I+ 1+ 1+ 1+
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Rewriting Eq. (3.229) as
A=14% (3.233)
= 1 )
makes it possible to find the equivalent continued fractions.

A=14——" .. 3.234
ST G239

By picking a value for the limit A, we may calculate a
a=A>—A (3.235)

and derive the continued radicals. For examples:

A=2 a= (3.236)
A=3 a= (3.238)
=\/6+ 6+y6++v6+--- (3.239)

(3.240)

A=4 a=
4—\/12+\/12+\/12+«/ (3.241)

Example 112 ¥%+/2 is irrational, 7 is transcendental.

To prove irrationality of any number such as V2, we use the method known to the
ancient Greeks as “reductio ad absurdum” that means “reduction to absurdity.” We
assume the opposite of what we want to prove. Then we show that this assumption
leads to a contradiction.

Let us assume that +/2 is represented by some ratio of whole numbers, p/q where
p and g have no common factors, so both cannot be even numbers.

P_ (3.242)
q
p? =24 (3.243)

Therefore, p> must be an even number and hence, p is also an even number, say
p =12s.
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p=2s (3.244)
PP =05 =ds?=¢° (3.245)
g% =2s° (3.246)

Therefore, q2 must also be an even number and hence, g is also an even number,
say g = 2r. This is the contradiction because we have shown that g must be both
even and odd. Hence, no fraction exists that is equal to ~/2. The Greeks called /2
an incommensurable length because it could not be represented as the ratio of whole
numbers.

Pythagoreans believed in numbers, whole numbers, and nothing else. To them,
incommensurable number could not exist. Pythagorean theorem, a®> + b> = ¢2,
showed that lines with length +/2 exist and they failed to express them by fractions
of whole numbers, although they believed there must be such a fraction to be found.
The discovery of irrationality of /2, probably by Hippasus (530-450BC), was a
shock to Pythagoreans that all were sworn to secrecy. It seems that Hippasus was
drowned because he revealed this secret (Clawson 1996). It turns out and was proven
by the Greeks that any square root of a whole number that is not a perfect square,
such as ﬁ, \/3, \/6, etc., are also incommensurable numbers similar to \/5, and
they belong to the class of radical numbers.

Greek scientists, directed by Pythagoreans, did not consider anything except
natural numbers and their ratios, and therefore incommensurable lengths such as
the diagonal of a unit square had to be separated from arithmetic. The Greek
mathematicians divided mathematics into the geometry and arithmetic. Euclid’s
theorems were all defined in terms of geometry. The division between arithmetic
and geometric lasted for 2000 years until Rene Descartes (1596-1650) combined
them together again with analytic geometry and showed that an algebraic equation
can have no more real roots than the degree of the equation.

The rational and radical numbers make a bigger set of the algebraic numbers. To
understand the algebraic numbers, let us consider the linear equation ax + b = 0,
a # 0, where a and b are known integer numbers. The solution for the unknown
number x is: x = b/a. The value for x will always be a fraction, zero, or integer,
and therefore the solution x of linear equations will always be a rational number.
Now consider a nonlinear equation of the form ax?> — b = 0, a # 0, with the
solution x = +/b/a. If a and b or their division is a perfect square, then we will get
a rational number for x, otherwise the solution will be a radical number. Therefore,
excluding imaginary numbers, if there exist solutions for the equation ax?> — b = 0,
then the solutions will be algebraic numbers, either integers, fractions, or radicals.
Similarly, any number that fits a polynomial equation with integer coefficients
{ao, a1, ..., a,} € Nis an algebraic number.

ao+ aix + x> +ax> + - +ax* =0 (3.247)
neN (3.248)
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77, however, is another type of numbers. It is irrational similar to /2, but dissimilar
to +/2, it is not algebraic. 77 is a number that transcends the algebraic numbers.
It is transcendental. The existence of transcendental numbers has been answered in
1844 in the middle of the nineteenth century by Joseph Liouville (1809-1882) using
infinite series.

Consider the series:

o0

A—Zl—1+1+l+l+
o 10" 10 102 106 10%4

n=1

= 0.110001000000000000000001000 - - - (3.249)

The decimal expression of this series contains zeros except at locations n! from
the right of the decimal point, where n are consecutive numbers beginning with 1.
Therefore, we have a 1 at positions 1! = 1, 2! = 2, 3! = 6, 4! = 24, etc. The
next digit 1 will appear at 120 places right of the decimal. Liouville showed that A
cannot be a solution of any algebraic equation, and hence is not a algebraic number,
a transcendental. In 1873 around 30 years after Liouville proved the existence of
transcendental numbers, a French mathematician Charles Hermite (1822-1901),
proved that the number e is also transcendental. Around 10 years later in 1882,
Ferdinand von Lindemann (1852-1939) proved that 7 is also not the solution to
any polynomial equation and therefore is a transcendental number. So, the class of
transcendental numbers has been recognized, only less than two century ago.

Interestingly, Euler who were studying the properties of e and knew that e is not
an algebraic number could not show that e is transcendental and hence suspected
the existence of transcendental numbers (Tabak 2004). Part of the difficulty with
understanding and using transcendental numbers is that there is no easy way to
express them. Transcendental numbers are not rational and not the root of any
algebraic equation. Writing a transcendental number as a decimal, ends up with
the sequence of digits that never ends and never forms a repeating pattern. That
is the reason we show important transcendental numbers with a symbol such as
w, e, @, etc. Around the end of the nineteenth century it became evident to
mathematicians that definition of numbers and their classifications are still unclear
and not precise. They still understood irrational numbers only by knowing that they
were not rational. The decimal expansions of irrational numbers do not terminate
and do not get a repeating pattern.

The German mathematician Richard Dedekind (1831-1916) took the axiom of
geometry, that a line is compact and continuous, and introduced the concept of the
real number line. Being able to assign a number to any point on the line as well as
assigning a point on the line to any possible real number, Dedekind then suggested
that there must be no gaps between numbers. To show this, Dedekind established a
logical explanation for correspondence between points on the line and real numbers.
Dedekind imagined a line with the position of the rational numbers marked out on
it. Then, he cut the line at a point A and divides the line into two parts with the
left and right sets of numbers. Every rational number in the left is less than every
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rational number in the right set, and every rational number in the right set is greater
than every rational number in the left set. The number A must be either rational or
irrational, as we assumed every number is either rational or irrational. If A is in the
left set and if A is rational then A is the largest rational number in the left set. Taking
any rational number B in the right set, we are able to find another rational number
in the right set that is less than B and greater than A and hence, the right set does
not have a smallest rational number. If, however, A is assigned to the right set, and
if that set still has no smallest rational number, then A is irrational. It establishes a
correspondence between discrete numbers and continuous lines and therefore, the
number system varies continuously with no gaps. The complex number system,
then, may be imagined as the set of coordinates on a plane, such that both the real
and imaginary axes are associated with numbers similarly. Now the answer to the
question of what +/2 is, would be: +/2 is the position of the cut on number axis such
that every rational number, a/b, on the left segment is such that a? /b2 < 2, and
every rational number, a/b, on the right segment is such that a>/b> > 2 (Tabak
2004).

The next step in discovery of transcendental numbers paved by Georg Cantor
(1845-1918) who clearly defined the concept of infinity co. He explained that any
addition to an infinite set makes a new infinite set with exactly the same number of
elements, oo + 1 = o0, 200 = oo. Therefore, there is a one to one association
between the elements of positive square integers and the positive integers. He
assigned an infinity set of numbers, such as the set of integer numbers, say Ay,
and called it aleph-null, a countable set. Cantor showed that the set of all fractions is
a countable set with the same number of elements as Ag. Now adding radicals to the
set makes the bigger set of algebraic numbers that is again countable, and hence, all
algebraic numbers can be put into a one-to-one mapping with the natural numbers.
However, the transcendental numbers form a larger infinite and uncountable set. It
is impossible to make a one-to-one mapping of the transcendental numbers with
the natural numbers. In other words, if we imaginary take out the transcendental
numbers from the line and leave only the algebraic numbers in place, then the line
would have more holes than number points. This fact is not related to the decimal
number system. The , for example, is transcendental in any number systems that
we may choose (Bailey and Borwein 2016). Proving a number is transcendental is
not an easy task and there is no classical method for that. For instance, showing
that e and 7 are irrational and transcendental have been done by some great
mathematicians only in the past century reported in (Shidlovskii 1989; Hardy and
Wright 2008).

Example 113 %Huygens’ planetarium problem.

The Moon’s synodic period (the length of a lunar month) is 29.53059 days, or
29 days, 12 h, 44 min, and 2.8 s. Moon’s synodic period is the time interval between
two consecutive occurrences of full Moon as seen by an observer on Earth. However,
29.53059 days is an average number because due to eccentricity of the lunar orbit
around Earth and the Earth’s orbit around Sun, the Moon’s synodic period may
vary up to 7h during a year. If we wish to design a mechanical clock that shows
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the Moon phases, there must be a pair of gears between Moon and hour indicator
with the ratio of 2 x 29.53059 to one. This ratio is equivalent to have a gear with
2 x 29.53059 = 5906118 teeth mate with a gear with 100,000 teeth. This is a
high ratio between two gears. Breaking this ratio into continued fractions makes it
possible to have a chain of gears to achieve the final ratio as we need (Lorentzen
and Waadeland 2008).

5906118 1 1
"= To0000 — > T Tooooo =0 2112
16+ ——=
6118 6118
1
— 59+ P
16+ %118 16+ — 507
20 24—
2112 2112
1 11111111
=---=59+ _—— (3.250)

Christiaan Huygens (1629-1695), studied and designed a planetarium, which to
work accurately, needed a gear ratio of:

77708431 (3.251)
2640858 ‘
Huygens developed the ratio into the continued fractions (Khinchin 1997).
11 1 1 1 1 1 1
n=29+———-—--—-——— —
24+ 24 14 5+ 1+ 44 14+ 1+
1 1 1 1 1 1 11
—_—— Y — — — = (3.252)

2+ 1+ 6+ 1+ 10+ 2+ 2+ 3

The successive approximations of convergents of the continued fraction are:

159
PO _9g Pl_p94_—2Z_0295 (3.253)
q0 q1 2 2
P29 L1194 (3.254)
@ 242 5 7 ‘
3 111 206
P3 g4 — — 2 22 9942857 .. 3.255
q3 + 242+ 1 7 ( )
1111 17

P 994 = 1 29405 (3.256)

q4 2424145 40
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ps 111 11 1383

294 — = 7 _29425532. .. (3.257)
s 242+ 1+5+1 47

1 111 11 6709
PO gy — 2T 994254386 .- (3.258)
6 2+ 2+ 15+ 1+4 228

1 1 11 1177
P4 9

o294 —— — — = =29425 (3.259)
4 242+ 1+5 40

111 11 1383
P59y — 2% 59425531 (3.260)
75 242414511 47

Expansion (3.252) shows that the value of the continued fractions lies between its
consecutive convergents px1/qr+1 and py/qk. To estimate the approximation error
Huygens found the following differences of consecutive convergents:

59 29 1
pr_po_22 221 _os (3.261)
g1 9o L2
59 147 1
po_p2_ 2 o) (3.262)
q1 q2 2 5 10
206 147 1
Ps_p2_ 20 0028571 (3.263)
g Q2 7 5 35
ps  ps 206 1177 1
= = = _— =0.0035714 3.264
3 g« 7 40 280 (.26
ps  psa 1383 1177 1
= _ = = — = = 0.00053191 3.265
a5 qs 47 40~ 1880 (3.269)
3.4 Algebraic Equations
Consider a quadratic equation
A’ 4+ Bx+C=0 (3.266)

The solution of quadratic equation can be expressed by continued fractions.

e —p (3.267)
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234
B C
bh=— == (3.268)
A A
Proof Rewrite the quadratic equation (3.266) as
x?=—bx —c (3.269)
B C
b=— c=— (3.270)
A A
and divide it by x.
x=-b-"% (3.271)

X

Substituting x into the equation determines the continued fraction solution of the

positive root.

C C
x=—b-— . - =—b— . -
P ,_°
X
C Cc & C
- —b— =—b—— ... (3272
p_ ¢ —b— —b— —b— (3:272)
C
_b_—_b_i

There is no structured method to solve higher degrees of algebraic equations with
|

continued fractions.
Example 114 A sample quadratic equation, x> — 5x — 1 = 0.
The exact solutions of the equation are

51 5.1926
1= E V= {0.199258 (3:273)
Let us rewrite the equation as
x2=5x+1 (3.274)
and divide it by x.
! (3.275)
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Continued substitution gives us the solution.

1 1 11
¥=54—F=5+———F— =5+ (3.276)
54— 5+

X

54+ —

The numerical value of x converges to the exact solution quickly.
x =15,5.2, 5.1923, 5.1926, 5.1926, 5.1926, - - - (3.277)

Example 115 A second degree equation, x> — ¢ = 0.

Solving algebraic equations by continued fraction is a combination of art and
mathematics. Different people may solve a problem in different ways. The simplest
way for this equation may be to derive continued factions for square root.

(ﬁ—l)(ﬁ+l)_ c—1

x=+c=1+c + e +1+¢E
c—1 -1
=]+\/_—\/_ 1+%
1+1 — 2+ ——
+ +1+\/E 1+ /c
_1+c—lc—1c—lc—l (3.278)
B 24 2+ 2+ 2+ '
We may also solve this equation in the following way:
2—h=c—-n* K <c (3.279)
(x—h)(x+h)=c—h? (3.280)
¢ —h?
=h 3.281
x +h+x ( )
and therefore,
PP et P ol ol e (3.282)
X = = .
h+x 2h+ 2h+  2h+

Let us assume ¢ = 9. The positive solution of the equation x> —9 = 0 will be x = 3.
Substituting ¢ = 9 in Eq. (3.278) makes a continued fraction for the solution x = 3.

314 > 8 8 3283
T Ty oy oy (3:283)
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Substituting ¢ = 9 and & = 1 in Eq. (3.282) makes the same continued fractions for
the solution x = 3.

3=l — 3.284
T2 2% 2+ 24 .28

However, substituting ¢ = 9 and 2 = 2 in Eq. (3.282) makes another continued
fractions for x = 3.

3=24 > > 2 2 .. 3.285
T (-28%)

This example indicates that different continued fractions may have the same limit.

Continued fractions of a number or a function is not unique.
Choosing ¢ = 16, for x = /c = 4 makes the continued fraction (3.278) to be:

15 15 15 15
FREDENLCNE TR (3.286)
2+ 2+ 2+ 2+

while choosing 2 = 1, 2, 3 make the following continued fractions for x = 4 with
different convergence rates.

15 15 15 15

4oy bbb (3.287)
24 2+ 24 2+
12 12 12 12

4oy 12 121212 (3.288)
A+ 4+ 4+ 4+
77 71 7

4—34 T T (3.289)
6+ 6+ 6+ 6+

Example 116 Arithmetic with continued fractions.
Let us consider a general continued fraction.

x=by+ L 2B 3.290

0 b1+ by+ b3+ ( )

Y L e e L (3.291)
bbby by

Dividing both sides into 1 will be:

1 1 a a a3
- —— — .. (3.292)
x  bo+ b1+ b+ b3+
Then, multiplying both sides by ¢ will show
cx = chy+ 2B (3.293)

* bt byt bat
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c c a ay a3

- ... (3.294)
X bo+ b1+ b+ b3
Then adding both sides by d yields:
a a as
x+d=d+by+—— — - 3.295
0 b1+ b+ b3+ ( )
1 I a a a3
-+d=d+ ——"—"- — — - 3.296
X bo+ b1+ by+ b3 ( )
cay ay; a3
ex+d=d+cbp+ — — —--- 3.297
0 b1+ b+ b3+ ( )
c ¢ a a a3
- +d=d4+—— — — - 3.298
X bo+ b1+ b+ b3+ ( )
Example 117 Fibonacci numbers.
Consider the equation
—x—-1=0 (3.299)
with the positive root
1 5
x = +2f = 1.618033988749894848205 - - - (3.300)
and write it in the form
1
x=1+— (3.301)
X

Substituting this expression for x on the right side of the same expression, we have

1
x=14— (3.302)
14 -
X

Repeating substitution for x, we obtain the simplest continued fractions in mathe-
matics.

=1+ ! —1+1 LI (3.303)
te I T I+ I+ 1+ '
7
1+ o 1
1+---
This number 1.61803--- may now be approximated by a continued fractions

as exact as desired, by cutting off the fractions (3.303) at a proper point. The
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a®

A
Y

A
Y
A
Y

Fig. 3.2 The golden segment @ = b — 16179775 -

a

convergents of (3.303) are:

358 13 21 34 55 89 144
1727_9_a_1_9 TA A1 AA’ 22’ on " (3~3O4)
235 8 13 21 34 55 89
The convergents converges quickly.

P11 144
L = —=1.6179775--- (3.305)
q11 89

The numerators and denominators of the convergents form the sequence of
1,1,2,3,5,8,13,21, 34,55, 89, 144, - - - (3.306)

which after the first two, each number is equal to the sum of the preceding two,
making Fibonacci numbers (Olds 1963).

Example 118 % Golden ratio.

An ancient mathematical problem was to find a rectangle with sides a and a®
such that cutting a square of size a X a results in a rectangle similar to the initial
rectangle, as is shown in Fig. 3.2.

ad a
T (3.307)
a ad® —a
P2 =1 (3.308)
1 5
_ Y5 6707 (3.309)

2



3.4 Algebraic Equations 239

C; Cy
A B
C1 b4 | ay C2
< w7y
< >
as b;
< < >
b2 a)
< > >
P a P b, N
[« >« >

Fig. 3.3 Point C breaks the line AB by golden ratio ® = ? The ratio remains constant in folding

b
process of the short segments, § = 7

Because the equation for @ contains a radical, the resulting number is algebraic,
but not rational. It means that @ is not equal to the ratio of two whole numbers.
Its decimal expansion is infinite and nonrepeating, similar to = and e. Dividing
Eq. (3.308) by @ provides us with a recursive equation to develop continued fraction
(Herz-Fischler 1987).

1
d=1+— 3.310
+¢> ( )
—1+1 1—1+1 L ! (3.311)
o 1+ I+ 1+ 1+ @ ’

The fraction @ is called the golden ratio and it is expressed by the simplest possible
continued fraction. The golden ratio has another interesting story that the Greeks
believed the nature and art owed their beauty to this golden fraction. The division of
a line segment A B by a point C such that the ratio of the parts a to b is the same as
the ratio of b to the whole segment [ = a + b as shown in Fig. 3.3,

a b
- = 3.312
b a+b ( )

and renaming

=@ (3.313)

SN
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makes Eq. (3.312) to be equal to (3.310) with the same continued fraction expression
as golden ratio. Dividing the line AB into segments a1 and by such that //b; =
bi/ar = O

by b
atb_ o (3.314)
by ai
1+b 1 1
thja_ sl (3.315)
bi/ai bi/aq [}
® = 1.6179775 (3.316)

allows us to fold the longer segment b of the line to make the line AC| to be divided
into BCy = ap and C1Cy = by with the same golden ratio.

ﬂ_az—l—bz_az—i—bz_ 1

= = +1 (3.317)
ai ai by by/ay

b 1

2__ " _» (3.318)

ap d—1

The folding process may keep going and providing the same golden ratio  every
time.

Luca Pacioli (1447-1517) and Leonardo da Vinci (1452—-1519) published a book,
“Divina Proportione,” in 1509 devoted to a study of the number @. Pacioli described
thirteen interesting properties of @ in the pentagonal symmetry of certain flowers
and marine animals, in the proportions of the human body (Pacioli 1509).

Discovery of the incommensurability of +/2 as the diagonal of the unit square
shocked the Greek mathematicians and Pythagoreans, who only believed in whole
numbers in their metaphysics. The next logical extension of the concept was to
consider a rectangle with sides equal to 1 and 2 with diagonal +/5. The diagonal
cuts the rectangle into two right triangles. Greeks using one of the triangles, rotated

the triangle to form two sides of a new rectangle of («/5 + 1) x 2 (Clawson 1996).

The resulting rectangle, shown in Fig. 3.4, has a number of interesting features, and
according to the ancient Greeks, a very eye pleasing geometrical shape. The ratio of
the two sides of this rectangle is:

1++/5
2

=& =1.6179775--- (3.319)

From the Rhind Papyrus, we know that the ancient Egyptians were aware of the
golden ratio ® and worked with it. The ratio of the altitude of a face of the Great
Pyramid at Gizeh to half the length of the base is ®. The golden ratio is well
illustrated in different sections of pentagons, vastly used by ancient civilizations.
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A

Fig. 3.4 The rectangle with aspect ratio equal to the golden section, @ = # =1.6179775 - --

Pythagoreans believed the pentagram was sacred because of appearance of @ in all
sections.

Srinivasa Ramanujan (1887-1920) introduced an interesting equation containing
@, 7 and e related by a continued fractions.

541 541
(\/2+<15—<1>)e%”: ,/2+f2+ —\/_;_ 5T

1

— — (3.320)
I+ e 4
1+
14...
Example 119 S1 paper size.
Because +/2 is twice its inverse,
V2= 2 (3.321)
V2 '

folding a rectangular piece of paper with sides in proportion /2/1 makes a new
rectangular piece of paper with sides in proportion +/2/1. The SI standard sizes of
an AQ paper are defined such that its area to be one square meter and its sides to be
proportional to ~/2/1. Assuming a and b as the long and short sides of A0, we have

ab = 1000000 mm? (3.322)
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a/b =+2/1

which makes an equation to determine a.

2

a
— =2 =1189.2
1000000 V2 a i
1000000
b = = 840.9 mm
a
As we know
1 1 1
=14 — — — ...
\/_ + 24+ 2+ 2+

with convergents

3 7 17 41 99 239 577 1393

accepting a/b = 3/2, gives

3\ !
b= \/1000000 X (5) = 816.5

1000000
a =

= 1224.7

and accepting a/b = 7/5, gives

7 —1
b= \/1000000 X <§> = 845.15

1000000
a =

=1183.2

and accepting a/b = 17/12, gives

17\ !
b= \/1000000 x (E) — 840.17

1000000
a =

= 1190.2

(3.323)

(3.324)

(3.325)

(3.326)

(3.327)

(3.328)

(3.329)

(3.330)

(3.331)

(3.332)

(3.333)
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and accepting a/b = 41/29, gives

41\ !
b= \/1000000 x <§) = 841.02 (3.334)
1000000
a=—— =1180.0 (3.335)

This is a practical approximation. The standard size of A0 is 1189 mm x 841 mm
which is equivalent to approximating +/2 as:

1 1 1
iy L L

(3.336)
24+ 2+ 2+

R —

3.5 Chapter Summary

All real numbers may be divided into rational and irrational. Also they may better
be divided into algebraic and transcendental. A rational number can be expressed
by a fraction of the form p/q where p and ¢ are integers with ¢ # 0. Irrational
numbers cannot be expressed by a fraction. Numbers also are either algebraic
or transcendental. Algebraic numbers are all non-integral real roots of algebraic
equations with rational coefficients a;, i = 1,2, ..., n).

1+...+a2x2+a1x+a020 (3337)

x4 a1 x"
For example, the irrational numbers x = +/3 and x = /8 are roots of x> — 3x3 —
8x2 424 = 0. Transcendental numbers cannot be the root of any algebraic equation,
they cannot be expressed by fractions. Although majority of the real number line is
occupied by transcendental numbers, only a few of them appear in usual problems of
science and engineering. In all those rare cases also we usually approximate them
by rational numbers to be able to use them in calculation. 7 and e are the most
famous and most applied transcendental numbers. Because there is no way to show

the transcendental numbers numerically, we use symbols to represent them.
Continued fraction is another way to represent approximation for those numbers
that are not rational. However, any rational or irrational number x may be expressed

by a continued fraction of the form
x = by + A =bo+ e e (3.338)
b4+ ——= b1+ br+ b3+

by B
T+
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The sequence of truncations py/qi are called the convergents of the continued
fraction.

po _ bo

Pk a a a3 ay
Koy — = 2K 3.339
q0 1 Gk T bt byt ba+ by ( )

Convergence of a continued fraction is equivalent with limg_, o px/gx = 0. There
is a recursive equation for p; and g; making it possible to calculate them from their
previous ones.

Pn = bupp—1+ anpn—2 (3.340)
Pn = bnqn—1 + anqn—2 (3.341)
Continued fractions are not unique. A limit may be expressed by different continued
fractions. There are also techniques to find equivalent, but different continued

fractions from one continued fractions. For example, we can transform a continued
fraction

ay az Aan

x=by+————-- —— - 3.342
O b bt bat ( )
to
az+b3—1
2> o
by a)+by—1 a)+by, — 1
T -1+ b -1+ as+b3— 1
b3 — 14+ —-——
ar+ by —1
a, +b, — 1
5 . dn-1
n—t +bnot = 1 (3.343)
a, +b, — 1
by+1+ ———"——
an—1+by_1 —1
or we can show for any real numbers a;, a», a3, .. ., b1, ba, b3, ... and real nonzero
constants ci, ¢2, c3, ..., we have:
ap a as ay
bo+ — — —— ...
bi+ b+ b3+ b+
o+ cidi ¢€c1a €3€2a3  CkCr—1dk (3.344)

c1b1+ b+ c3bz+ B ckbr+
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Converting a series to continued fractions is the most useful method in develop-
ing continued fractions. If a number x is defined by a series

n
X:C0+C1+C2+"'+Cn:ZCk (3.345)
k=0

then there exists a continued fraction equivalent to the approximated series.

o _—aja  —Cm/Cmot
I+ I+c/a+ 1+com/cm—1+

X =co+ (3.346)
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3.6 Key Symbols

a,b,c,d Integer
b, Length
B Real number
, B Points on real number axis

B, C  Coefficients in algebraic equations

After death
Positive number

Cr = limy_, oo Z£ limit of a continued fraction
Le] The largest integer of ¢
Cg Circumference of the Earth
d Day
D Diameter
e 2.718281828459. ..
f Function
g Function
h Hour
i Imaginary unit, i = —1
k Integer counter
l Length
min Minute
p.q,r,s Integers
p/q Fraction
Dk Numerator of a convergent
Pr/qk Convergent of a continued fraction
qk Denominator of a convergent
Convergent of a continued fraction
Generalized coordinate
Radius of the Earth at the equator
Radius
Remainder
Second, unit of time
Volume
Number, unknown number
Function
Year
Proportional
Infinity
Factorial
Integer numbers
Golden ratio
3.14159265359. ..

o~
~
()
bl

NeZTQRw<H <v xS
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Exercises

1. Your personal rational number.

Multiply the numbers of your birth year and divide it by sum of the numbers
of your birth year to make a rational fraction. Ignore zeros. Express the fraction
with continued fractions. For example, if the birth year is 2021, the fraction is
4/5, and if the birth year is 1991, the fraction is 81/20.

2. Square root of odd numbers.
Calculate the continued fractions of the following square roots up to eleven

terms.
V3 = 1.732050807568877293527 (3.347)
V5 = 2.236067977499789696409 (3.348)
V7 = 2.645751311064590590502 (3.349)
V11 = 3.316624790355399849115 (3.350)
V13 = 3.605551275463989293119 (3.351)

Are they all periodic? Is continued fraction of square roots always periodic?
3. Square root of even numbers.
Calculate the continued fractions of the following square roots up to eleven

terms.
V2 = 1.414213562373095048802 (3.352)
V6 = 2.449489742783178098197 (3.353)
V8 = 2.828427124746190097604 (3.354)
V10 = 3.162277660168379331999 (3.355)
V12 = 3.464101615137754587054 (3.356)

Are they all periodic? Is there any difference between periodicity of continued
fractions of square root of prime numbers and composite numbers? Is there any
difference between periodicity of continued fractions of square root of odd and
even numbers?

4. Continued fraction of square root addition.

(a) Calculate the continued fractions of the following terms.

A=V2+3 (3.357)
B=+v2++/5 (3.358)
C=v2++6 (3.359)
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D=2+7 (3.360)
E=+v2++8 (3.361)
F=+v2++9 (3.362)

(b) Calculate the continued fractions of the following terms.

A=V2+43 (3.363)
G=+V3++5 (3.364)
H=+5++6 (3.365)
1 =v6++7 (3.366)
J=T++8 (3.367)
K =+8++9 (3.368)

(c) How can you add the continued fractions of the right-hand side numbers to
get the combined continued fraction of their sum?

5. /2 in a different way.

Use the identity
1
V2-l=—n — (3.369)
24 (ﬁ . 1)
and calculate the continued fraction of +/2.

1 1 1 1
Vil L L 1
24 24 24 5 4 (f_ 1)

e — —— — — ... 3.370
Ty 2 (3370

6. Identity and flip method
Use the identity

X
Vitx—1= 371
i 24 (V1+x-1) G370

and apply the flip method to calculate the continued fraction of /1 + x.

fx=1+— 2= a
24 24+ 2+ 2+ (VIi+x—1)
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S R 3372
¥ 2% 2% 2% 27 (G372)

7. Y Speed of convergence.
Compare the convergence of the following series expansion and continued
fraction, by increasing the number of terms forx = 0.1, x =0.9,x = [, x = 2.

23
X X X 5 7
tx—l=2_2 42 2,4, 45
T 278 "6 128° T 6"
21 33 42
— x6 + x7 — 0 x8
1024 2048 32768

33 4 2431
+ X~ — X
65536 262144

frx_1oX % % & x x (3.374)

(3.373)

The series expansion converges only for |x| < 1 and diverges when |x| > 1.
8. Repeating continued fractions.
Determine the numerical value of the simple continued fractions.

(@) A=1[6,22,3,11,21,21,21,21,21,...]
(b) A=12,57,1515,4,7,15,15,4,...]

9. Continued fractions of 7.

(a) Calculate the continued fractions of the following terms.

7w = 3.141592653589793238463 (3.375)
7% = 9.869604401089358618837 (3.376)
7 = 31.00627668029982017549 (3.377)
7% = 97.40909103400243723648 (3.378)
7% = 306.0196847852814532629 (3.379)
7% = 961.3891935753044370309 (3.380)

Are they all periodic? Is there any relation between their continued
fractions? Is it possible to calculate continued fraction of 7**! from the
continued fraction of 7% or previous exponents?

(b) Calculate the continued fractions of the following terms.

m = 3.141592653589793238463 (3.381)
V7 = 1.772453850905516027298 (3.382)
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Jm = 1.464591887561523263020 (3.383)
Jm = 1.331335363800389712798 (3.384)
Jm = 1.257274115669185059385 (3.385)
Jm = 1.210203242253764275966 (3.386)

Are they all periodic? Is there any relation between their continued
fractions? Is it possible to calculate continued fraction of 7!/*+1 from
the continued fraction of 77 /¥ or previous exponents?

10. Continued fractions of e.
Show that the continued fraction expansion of e is:

111 1 1 1111
e=24 — - - L2 21 (3.387)

14 24 24 3+ 3+ 4+ 4+ 5+ 5+
B R T B T
— 1+ —— 3.388
Ve T+ 1+ 14 5+ 1+ 1+ 1+ 9+ (-38%)

1 1 1 1 1 1 1
e+ _ 5

th - = = _—— ... 3.389
O = T T T 6 10 14+ 18+ 22+ (9.389)
11. s as continued radicals.
Show that
2 90 90 90
— = cos—cos—cos—
T

/1 /1 1 1 /1
[ Ve mY I (3.390)
2 2 2 2 2y 2 2 2

and covert the continued radical to continued fractions. This equation was found
by Francois Viete (1540-1603) in 1593 (Kline 1972).
12. Exponential function.
Show that

(a)

e’ —1 T

= 3.391
er + 1 7_[2 ( )
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13.

14.

(b)
PR B S
- 1— 24+ 3—24+5-2+
(©)
N xOxl x2 x3 x4 X3
¢ = ——— ——— . ..
0! 1! 2! 3! 4! 5!
X 1x 2x 3x
=14+ —
I—24+x—34+x— 4+x—
(d)
2x x2 x2 x2 x2

&Y == 1+

Continued radicals of a number.
Show that

(a)

3=J1+2\/1+3\/1+4\/1+5\/1+-~-

(b)
2 V2V24V2V24V2+V2
T 2 2 2
(c)
3 3
2=J6+\/6+\3/6+\3/6+«/36+---
T number.
Show that
(a)
4 4+4 4+4 4°°(—1)k
T = — — _— = —_— e e . —
1 3 5 7 9

2y —x+ 6y+ 10y+ ldy+ 18y+

251

(3.392)

(3.393)

(3.394)

(3.395)

(3.396)

(3.397)

(3.398)
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(b)
T 2 2 4 4 6 6 8 8
— = - X-X=-X=-X=-X=X=X-=
21737375757 7%7 %9
4 16 36 64 = (2k)?
_4 1o 36 o4 G0 3.399
3715 35 63 ]E(zk)z—l (3:39)
(@)
4
_— - (3.400)
1+ -
24 =
24
72
24
92
2
tor
(d)
12
=34 5 (3.401)
64
52
6+ 7
6
ter
(e)
4
o S (3.402)
1+ 7
54 e
7
Ty
(H)
—3 1222 32 42 52 g2 72
r-3_ P27 3456 (3.403)

-7 A4 1444 I+ 44 1+ 4+
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(@

o
[e_xzdx =
—00

15. Continued fractions and continued radicals.

Show that
1+\/1+\/1+\/1+m: 11
1+ 0
1+ 0
1+ 0
1+

16. Continued radicals of a function.
Show that

253

(3.404)

(3.405)

(3.406)

(3.407)

I+x= 1+x\/1+(1+x)\/1+(2+x)\/1+(3+x)v1+~--

which as a sample for x = 2 will be

3= 1+2\/1+3\/1+4\/1+5«/1+~-~

17. Factorial series.

(a) Show that

I 1 11 1 1
TLF T Rt Rt E

(3.408)

(3.409)

(3.410)
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(b) Illustrate the series using trisectioning a square or circle.

(c) Convert the series into a continued fractions.

18. A few famous continued fractions.
Show

(a) Schwenter’s continued fraction.

17711111

—_— = — — — = (3.411)
233 1+ 3+ 64 4+ 2
(b) Euler’s continued fractions.
1461 1 1 1 11
— =244 — — — — = (3.412)
59 14+ 3+ 44+ 14 2
2 3 4 5 6 7
_——— — — — ... (3.413)
T 14 24 3+ 4+ 5+ 6+
(c¢) Smith’s continued fraction.
1 1 1 1 1 2n
- .= (3.414)
1— 4— 1— 4— 4 n+1
(d) Ramanujan continued fractions
4 3 4 5 6 7
= — — — ... (3.415)
3 14+ 2+ 3+ 4+ 5+
5 4 6 8 10 12
_—— .. (3.416)
3 1+ 34 54+ 74+ 9+
1 1 2 3 4 5
———————— (3.417)
e—1 1+ 24 34 44 5+
er —1 x x2 x2 X% X2
_—— Y — — ... (3.418)
e+ 1 2+ 6+ 8+ 10+ 12+
T _1 2 .2 2 2
_r o (3.419)
e"+1 24 6+ 8+ 10+ 12+
1 2 3 1 2
nntonte (3.420)

Tl —nt2-n+3—nt 0+ 1+ 2+
neN



Exercises

_x+1 x+2 x+3 x+4
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1 e (3.421)
x+ x+14+ x+2+ x4+ 3+
. (—ktH! 1 1 1
k:1x+2k—1 x+1 x+3 x+5
1 12 22 32 42
= — ... (3.422)
X+ x+x+x+x+
19. Series and continued fractions.
Show that
1 1 1 1 4 .
by by by by o
1 b? b2 b2
— L 2 SEE (3.423)
bi+ by — b1+ bz — by+ by — b3+
20. % The equivalence transformation.
Show that
ai ciaj
bo + az =bo+ cic2az
by + a3 cibr + C2C303
by + b az caby + ) C3Cadz
+ by + ———
’ ba+--- 73 caby +
(3.424)
21. Y Euler’s continued fraction formula.
(a) Prove that
bo + bob1 + bob1by + - - - + bobiby - - - by
b b b b
_ 20 1 2. On (3.425)
1-1+b1—14+br— 1+ b,
(b) Prove that if we have
x=a—b+c—d+e—f+--- (3.426)
then
x= a X (3.427)
1+ ac
a—b+ . . b
—c
c—d+ ce

d—e+ -
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(c) Prove that if we have

1 1~|-1 1+1 1+
x_a b ¢ d e f
then
1
X =
a2
a+ 2
b—a-+ o
c—b+
d2
d— -
C+g_d+...
(d) Prove that if we have
1 1 n 1 1 n 1
X = - — — —_— .
a a—b a—-2b a—-3b a—4b
then
1
X =
a2
o (@+b)?
b+ - TR
G ;b2
b4 2t
b+ --
and Euler (1988).
1 a?
;_az (a +b)?
b+ YR
b A2 ;bz
p o (@3
b+
22. Periodic continued fractions and convergents.
Verify that if
_1+1 1 1 1 1
YT 4 T bt at btat bt
then

Pnt2— (@b +2)pp+ pr—2=0

(3.428)

(3.429)

(3.430)

(3.431)

(3.432)

(3.433)

(3.434)
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23. Numerical series evaluation.
Show that if |c| < 1 then the geometric series

l+c+c2+c3+---+ck+--~=1_c (3.435)

converges and has the limit. Get the result of few examples such as:

1 1
4+ 4= 1 3.436
+10+100+ 1-0.1 9 ( )
UL I ) (3.437)
2 4 8 T 1-05" '

24. Multiplication of summations.

(a) Prove

o0 o0 o0 n
A IDRAED N (3.438)
k=0 k=0

n=0 k=0
(b) Prove the Lagrange’s identity:

2

n n n
San) = () (2n
k=1 k=1 k=1

35 (b —ajbr)’ (3.439)

k=1 j=k+1
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Chapter 4 )
Functional Continued Fractions Check for

Continued fractions, compared to series solutions, converge much faster, have much
larger convergence domain, and are much more accurate. These advantages justify
to solve equations with series solution and convert them into continued fractions to
get the best result. We will show this procedure and its advantages in this chapter
by reviewing the concept of the continued fractions and studying their application
in science and engineering.

All mathematical functions may be transformed into continued summation
expansion. A function y = f (x) is called algebraic function if it satisfies an
equation of the form

Po(x)+PL(x)y+Pr(x)y* +- + P (x)y" =0 (4.1)

where each P; (x) is a polynomial. The algebraic functions including polynomials,
trigonometric, inverse trigonometric, exponential, and logarithmic functions, and all
other functions that can be constructed from these functions by algebraic operations
are called elementary functions. Beyond the elementary functions there are the
special functions. Many of the special functions discovered as solutions of special
second-order linear differential equations,

YHP@®Y +0@y=RX) (4.2)

for which there is no general solution, unless the coefficients are constant (Simmons
1991).

In this chapter, we review continued fractions expansion of mathematical
functions and differential equations.

© Springer Science+Business Media, LLC, part of Springer Nature 2020 259
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260 4 Functional Continued Fractions
4.1 Power Series Expansion of Functions

A function f (x) may be expressed by a series of function
f@O=H®+f+LE+ -+ fitx)+-- = ka (x) (4.3)
k=0

defined at any point xo that the series converges. The simplest series of functions
is the Maclaurin power series that approximates functions by polynomials around
x=0.

o0
f) =a+ax+ax®+ - +axt + =) aqxt (“44)
k=0

1
@=Eﬂmm 4.5)

A power series does not include terms with negative powers. For a power series
o0
fx) = Zk—() ayx* one of the following happens.

1. The series converges at any point in an open interval (—s, s) and diverges at
any point out of the interval. At the endpoints, of the interval, the series may be
convergent or divergent, [—s, s], [—s, §), (—s, 5], (—s, s). The s is called radius
of convergence.

s= Lm -2 (4.6)

n—>00 dp41

2. The series converges only at x = 0.
3. The series converges for (—o0, 00).

A more general power series approximation of a function is the Taylor series:

/ " (n)
N A P S AL o
1! 2! n!

(x—o)"
4.7)
Taylor’s formula is to approximate a function f (x) around a point x = ¢ such
that it matches f (c) and all its derivatives at x = c¢. Suppose that f, f/, f”, ---,
£ are all continuous for all x within the convergence zone |x — c¢| < s. Then
there exists some a between ¢ and x such that

Px)=f)+

f(x)=P(x)+R(x) (4.8)

1@y 1O

I TR

Px)=f(c)+
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(n)
TN 4.9)
n!
f(n+1) (@) 1
R — " (x — 4.10
() TR ( ) (4.10)
The function R (x) is called the remainder.
Proof 1If function f (x) is expressed by a power series,
f(x)=ao+a1x+a2x2+~-~+akxk+~-~ 4.11)
then substituting x = 0 yields
ao = f (0) (4.12)
A differentiation of the function
1 (x) = a1 +2xas + 3x%a3 + 4x3ay + -+ kapx "+ (4.13)
shows that
a; = f'(0) (4.14)
and next derivative shows that
" (x) =2ar + 6xaz + 12x%as + -+ k (k — Dax*% + - - (4.15)
_ 1 "
ap = Ef () (4.16)

Continuing this process indicates that the coefficients of the power series expansion
of the function f (x) are:

1
a = /) (4.17)
and therefore, expansion of f (x) around x = 0 is a Maclaurin series.

f&x)=f0O+ fl(!o)x—i-fzgo)xz—i-f 3!(0)x3

+- (4.18)

(ON
co u x"
n!
Any continues function f (x) with continues finite derivatives in the interval
(—s, s) may be expanded in the Taylor power series expansion around x = ¢, where
lel < Isl,
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fxX)=Px)+ R () (4.19)
’ " (n)
Px)=f()+ fl(f) (x—0)+¥(x—c)2+~-~+ ! n‘(c) x =)
) ' ) (4.20)

provided for some 0 < a < c, the Lagrange form of the remainder R (x) approaches
Zero.

R(x) = n_a (x — )"t 4.21)

lim R(x) =0 (4.22)
The Taylor series is convergent when

(n+1) (0
im g O (4.23)
n—oo  qay n—oo (n+1) f(”l) 0)

The convergence radius of a convergent power series is infinity (—o0, 00).

~ lim %y 20
S G T D e gy = 249

A function f (x) that has a Taylor series expansion around x = x

_f0 (x0)

o (4.25)

fO=>ax-x)f a
k=0

is analytic at the point x = x¢. If xo = 0, the f (x) is analytic at all points.
There are different, but equivalent, ways to express the power series expansion
formula.

2 3
Flta)=f@) +af (x)+ Z—!f”(x)Jr %f’”(x)Jr---

n k)
+‘r’l_! £ (x) = 1;) S0 k!(x) x* (4.26)

The power series expansion of a function of two variables

z=f(x,y) 4.27)

is an expansion of the method for the functions of one variable (Holmes 2009). The
expansion of a two variables function around a point (x, y) = (a, b) is:
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Fy) = flap @b E—a @b =b

ax 1! ay 1!
3 f (@,b) (x —a)*  9*f(a,b) (y —b)?
T n dy? 2!
2
+M(x_a)(y_b)+... (4'28)
dx0dy

Example 120 Power series expansion of x = exp (—«t).

The exponential function with negative exponent appears in analysis of many
engineering and physical phenomena. Derivation of power series expansion of
a given function is quite easy that involves only differentiation and numerical
calculation. The exponential function

f (@) =exp(—at) oa>0 4.29)

will be approximated by a power series.

(0 70 "0 (n) 0
foy=fo+l 0 L Op FOs, 7O (4.30)
1! 2! 3! n!
The first term is a substitution.
fO=el=1 (4.31)
The second term needs a differentiation.
/
0
(1) = —ae™ f 1(' ) = 4o = —q (4.32)
The third term needs a second differentiation.
70 2 -0 2
f//(t)=a2€—at ) :a e :a_ (4.33)

2! 2! 2!

This process may be continued up to the desired number of terms and derive the
series expansion of the function.

2 3 4 5
_ ot _q _ o X3, X4 Y5
FO = =l—art -t = ot oot - T (4.34)



264 4 Functional Continued Fractions

The convergence radius of this power series is infinity (—oo, 00) because

. an o /n! . on+1
s = lim = lim ——— = lim =00 (4.35)
n—00 gy 4| n— 00 a”""l/ n+1)! n—-oo
Changing the exponent to 8 = —a« provides us with the power series of f (f) =
exp (Bt).
ok 2 3 4
_ B _\NY _ B o B 3, B4
1) = = — =1 t+ —t —t —t 4.36
fi=e gk! MR TR L T (436
To show the simplicity of working with power series let us prove
exp(x +y) =expx expy 4.37)

Knowing the binomial identity (x + y)"

n - n n— n n!

k=0
we have
Xk X m S 0 k \,m
X y X7y
expx expy =) 5> cm=> ). o
k=0 m=0 n=0 k+m=n
_ i n xkynfk _ i l n (I’l) xkynfk
| — | |
n=0 k=0 ki — k) n=0""" k=0 k
00
x+y)"
— Z % =exp(x+y) (4.39)

A question would be: how many terms of a series will make a good approximation.
Unfortunately the correct answer is infinity. Practically, no power series can provide
a good approximation in the large domain of the independent variable. Power series
are only good at the very close vicinity to the point that the series expanded about.

Example 121 Derivative, integral and combination of power series.

If f (x) and g (x) are analytic at a point x = xg, then f (x) + g (x), f (x) - g (x)
are analytic at x = xg.

If g (x) # 0, then f (x) /g (x) is also analytic at x = xg.

If the inverse function f~! (x) is continuous, and f’ (x) # 0, then f~! (x) is
analytic.

If g (x) is analytic at a point x = xp and f (x) is analytic at g (xg), then f (g (x))
is analytic at x = x.
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If f (x) = Z,fioakxk and f (x) =Y 1o bix*, thenay = by, k =1,2,3,---.
If £ (x) =Y pogaxxin|x] < s and g (x) = Y 72, bxx¥ in |x| < 52, then

f&x) g = (Zakx") (Z bkxk) =) e (4.40)
k=0 k=0 k=0
cr = Zakbn—k |x| < min (s1, $2) 4.41)
k=0

A power series can be differentiated and integrated term by term. Assume the
power series f (x) = Y ro a;x* has a radius of convergence s > 0, —s < x < s.

o
f(x)=ao+a1x+a2x2—|—m+akxk+~~=Zakxk (4.42)
k=0

Then, f (x) has the derivative

f(x) = i kagx*~! (4.43)
k=1
and f (x) has the integral
/x )= i A ket (4.44)
0 pard k+1

and the series (4.43) and (4.44) both have the same radius of curvature s.

Example 122 Fraction functions f (x) =1/(1 +x) and f (x) =1/(1 —x).
The first term of the power series for

f&x)= T+ (4.45)
is:
fO) =1 (4.46)
The second term would be:
, d 1 —1 ,
S ) S 0)=-1 (4.47)

Tdxl4x (x4 1)
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and the third and fourth terms are:

. 2 70 2
Se= (x+1)3 fzf : 22_!:1 (4.48)

7 —6 fw (0) —6
)= G T -1 (4.49)

This process may be continued up to the desired term to derive the power series
expansion of the function.

1
1+x

o0
=l-x+x? - xt =0+ =) (DA (4.50)
k=0

Similarly we may check that:

oo
=1+x+x2+x3~|—x4+x5+--~=2xk (4.51)
1—x =

Example 123 Arctangent function arctan x.
Besides the classical method to show the power series expansion of arctan x for

arctanx =x — — 4+ — — — 4+ — — — 4 .- (4.52)

we may use the equation

d 1
T arctanx = T 4.53)
and
1 o
- :1—x+x2—x3+x4—x5+-~-=Z(—1)kxk (4.54)
X k=0
to replace x with x?
1 (o)
1+x2:1—x2+x4—x6+x8—--~=Z(—1)kx2k (4.55)
k=0

to get
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d
d—arctanx:1—x2+x4—x6+x8—x10+x12+~~ (4.56)
X

and therefore,

afCtanx=/<1—x2+x4—x6+x8—x10+--~)dx

3 5 7 9

N X N )C“
= X — — _——
7

X
A 4.57
5 ll+ (4.57)

or similarly

1 . k 2k - k 2%
arctanx:/l_’_x2 Z/kz_o(—l) X dx:,;)(_l) /x dx

S kx2k+]
= —1 C 4.58
> D S+ (4.58)
k=0
x3 xS x7 x9 xll
—CHx— e (4.59)

3 5 7 9 11

The fact that arctan 0 = 0 indicates that C = 0 and Eq. (4.52) recovers. The test for
convergence shows that

k41
dag

k3| ) (2k + 3 2k +1
i POCIGRAD o AL )

lim = lim = |x|* li
k—oo [x2k+1] / 2k + 1) k—o00 2k + 3

k— 00

and the series converges absolutely if |x| < 1.

Example 124 Power series of inverse polynomials.
It will be needed to express the inversion of a finite polynomial in power series.
It means we may have a function f (x) such that

1
= 4.61
F bo + b1x + bax2 + b3x3 4+ - - + byx" “.61)
and we need to express f (x) in a power series.
f(x) =ap+aix +ax® +azx® 4 - - (4.62)

The process to develop series (4.62) is as usual.
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o0
f@=a+ax+ax’+-taxt+o=) axt (4.63)

k=0

L ew
ax = Ef (x) (4.64)
A few examples will show the process.
Consider
_1 ¥ x xr x xf 465
=ltxt o+ ottt gt (4.65)
2 3 4 5 6

- _1_x_|_x__x__|_x__x__|_x__... (4.66)

20 31 4 5 el

and assume we have f (x) which is inverse of the truncated series (4.65) up to term

x6.

1
x) = 4.67
f @) | 2 3 4 5 46 ( )
Tyt tats e

Expanding f (x) into a power series will address two questions. Firstly, how we
determine power series expansion of inverse of a polynomial, and secondly, how
close would be the series of inverse of truncated series of e* to e™*. Determining
the coefficients of series (4.63) term by term will show:

ap = f(0) =1 (4.68)

—4320 (x> + 5x* 4 20x3 + 60x? + 120x + 120)

)= ; (469
(x6 + 6x + 30x* + 120x3 + 360x2 4 720x + 720)
= f(0)=—1 (4.70)
L= 4.71
az = Z_!f 0 = E 4.71)
az = lf”’ 0) = ! (4.72)
T3 6 '

1 1
a4 = Ifw ©0) = o (4.73)
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and we find a series that matches (4.66) very well.

2 x3 x4 X3 x6

f(x):l—x+);—!—§+4—!—§+a—~-~ (4.74)
A reasonable question would be what will happen if we expand f (x) further than
the term x®. Would it match to the series of e~ for the terms higher than x°? The
answer is: a function equal to the inverse of a polynomial is an independent function
which its power series will have infinity terms. We will theoretically need all terms
to converge to the given function. In case that the polynomial is a truncated series
of a known function with a known inverse, it is not necessarily true that we get the
power series of the inverse function by expanding the inverse polynomial. However,
in this example we may expand f (x) further than x, to find

2 3 4 5 6

_ 1 X X X X X
o=ttt a5t
8 9 10 11
X X 19x by
- - — 4.75
4><6!+4><6! 120><6!+80x5! ( )
which does not match the series expansion of e~ after the term x°.
x2 x3 Xt X3 X6
g XZooxm X xm xo
o=l Tty st
7 8 9 10 11
X X X X X
T (4.76)

7v 89 100 11!

It can be seen that the term proportional to x” is missing in the series expansion of

f ).

Example 125 Even series for inverse even polynomials.
It will be needed in future sections to expand functions that are inverse of even
or odd polynomials. An even series f, (x) is a series without terms proportional to

odd exponents, x2k+1, k=0,1,2,3,---,suchas:

fe(x) =ao0+ a2x2 + a4x4 + a6x6 + .- “@.77)
Similarly an odd series f, (x) is a series without terms proportional to even
exponents, x%* k=0,1,2,3,---,such as:

fo(x) =a1x + a3x3 + a5x5 + a7x7 + .- 4.78)

Let us define a function f (x) equal to the inverse of an even polynomial and
determine its power series expansion.
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1

= 4.79
f® ap + arx? + asx* + agx® (4.79)
We have
1
f0) = @ (4.80)
and
o) =— 6a6x5 + dasx3 + 2apx 4.81)
(agx® + asx* + arx? + ao)2
f =0 (4.82)
1 26l2
5f// O=-—  f"0)=0 (4.83)
! ag
L) a3 — aoas )
5f 0) = ——F5— f770)=0 (4.84)
! ay
1 ©) a(,a(% — 2agapar + ag )
af 0) =— o f770)=0 (4.85)
: 0
to derive the power series of the function.
12 ;-
f(x)=——i;x2+wx4+~-- (4.86)

a0  a; a4y
It shows that the power series of the inverse of an even polynomial is an even power
series.

As an example, we may cut the series expansion of y = cos x, which is an even
series,

R S I S S 4.87)
cosx=1-—= —xt - = :
o 2 Tt T 707
to define f (x)
fx) ! (4.88)
X) = .
1 .x2 + .x4 x6
2 T 247 720

and expand it to a power series.
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1 5 61
=14 —x2 4 x4 —x0 ... 4.89
f ) 2" Tt Tt (4.89)

To check if the power series of the inverse of an odd polynomial would be an odd
series, let us cut the series expansion of y = sin x, which is an odd series,

' Loy Lo Lty (4.90)
siny =x — —x” + —x° — —— .
==Y T 120"~ 5040”

to define f (x)

1
= 491
f @) e (4.91)

6 T 120 5040

and expand it to a power series.

foy=ty ey Ty 3 sy (4.92)
X)=—4+—-x+—x — x4 .

x 6 360 15120
The power series of the function f (x) is odd, however, it is singular at the point
x — 0, but well defined everywhere else. This is because the function f (x) is not
defined at x — 0.

Example 126 ¥ Singular points of functions.

If a function is singular at a point x = a, then the function goes to infinity when
x — a. The function f (x) = 1/x is singular at x = 0. The function f (x) =
1/ (x —2) is singular at x = 2. The function f (x) = 1/ (x2 - 4) is singular at
x = =£2. The function f (x) = 1/sinx is singular atx = kn,k =0,1,2,3,---.
These functions are analytic at all points other than their singular points.

The function f (x)

X
x) = 4.93
T =y @) (493

has four singular points at which it goes to infinity.
x=3,-3,2i,-2i (4.94)

We may locate the singularities on the complex plane, then to determine the radius
of convergence is to draw a circle, with center at the origin, passing through the
nearest singular point. As an example, the radius of convergence of Eq. (4.93) is:

Is| < 24/2 (4.95)
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If we expand the function about another point, say x = a = 1 + i, then the center
of the circle would be at x = a = 1 + i. The closest singular point to x = 1 4 i is
x = 2i and therefore the radius of convergence would be:

Is—(1+i)] <2 (4.96)

Example 127 New power series from known series.

Calculating power series expansion of elementary functions may be utilized to
develop series expansion of more complicated functions by substitution, multipli-
cation, division, composition, differentiation, integration, etc. The following power
series of elementary functions will be useful for the future analysis.

inax —ax — 3 s Y e 4,

sinax = ax 3!x + S!x 7!x + 9!x 11!x + 4.97)

2 4 6 8 10

S R T S W ST SR (T
cosax = 1 2‘x + 1 ol + 8!x 10!x + (4.98)
3 7 9

a’ ;5 2a° o 17a" ,  62a° 4
t = — — 4.99
mar=axd A S g gt (499

a? a3 at , a
expax = l—i—ax—i—?x —l—yx +Ex —|—§x + - (4.100)
Let us calculate power series expansion of

£ (x) =exp <—3x2) (4.101)

In Example 120, we found the series expansion for f (¢#) = exp (—«t), as:

2 3 4 5
e o ¥y Y4 s
O ==l —ar+ -t = ot = ot (4.102)

Substitutinga = 1, and ¢t = 3x2, we have

9 9 27
fo)=e 3 =1-3x2 ¢ §x4 — Exf’ + §x8 — (4.103)

Similarly, having the series expansion of expx, we are able to find the series
expansion of functions involving exp x such as:

f(x)=i=1(1+x+1x + lx + lx +1 +)
X X 2 3! 4! 5!
L A +1 syl sy (4.104)
X 27 3! 4! 5! 6!
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Example 128 % Theory of functions.

The theory of functions is a branch of mathematics that tries to represent arbitrary
functions by simpler and elementary analytical approximate functions. The class of
continued real functions over a specified segment C [a, b] or over [—o0, co] and
real periodic functions Co,

fx+2m)=f(x) (4.105)
are the most interested and applied functions in Science and Engineering (Natanson

1964). The first option to approximate the continued real functions C is the algebraic
polynomial series expansion with real coefficients

(0.¢]
P(x)=cotex+ex® + o+ =) ok (4.106)
k=0

and the first option to approximate the real periodic functions C», is the trigono-
metric polynomials series expansion with real coefficients.

T (x) =ag+ajcosx + bysinx + --- 4+ a, cosnx + b, sinnx 4.107)

A polynomial P (x) as an approximate function for a function f (x) € C [a, b] if
for all values of x € [a, b] the following inequality holds true,

[f(x)—P(x) <€ (4.108)
where € > 0 is indicator of the degree of approximation. Similarly, a trigonometric

polynomial 7 (x) is an approximation for a function f (x) € Cog, if for all values
of x € [a, b] the following inequality holds true.

If(x) =T x)| <e (4.109)
The integrals
b
/ (f (x) — P (x))*dx (4.110)
i (f (x) = T (x))*dx (4.111)

-7

are the measure of distance of the approximated functions P (x) and T (x) from the
function f (x).
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Example 129 YPower series of matrix functions.
Similar to a power series expansion of a function of a scalar variable, f (x),

f () =ao+ax +ax*+ax> + - 4.112)
we may define power series expansion of a function of a matrix, f (A),
f(A) = apl + a1A + a2A” + a3 A% + - - (4.113)

where I is the unit matrix of the same order as A. As an example, exponential
function of a matrix is:

eA=I+A+%A2+%A3+%A4+%A5+m (4.114)

Assume A is a square matrix n X n whose eigenvalues Aj, A2, A3,---, A, are
associated to its eigenvectors uy, Uy, Uz, - -, Wy,.

Au; = Au; i=1,2,3,---,n (4.115)

u = [uli Uy usj ... um-]T 4.116)

We may combine all equations of (4.115) and write them in an equation,
AJ=AJ (4.117)

where A is a diagonal eigenvalue matrix and J is square eigenvector matrix,
assuming all eigenvalues are real and distinct,

A1 0 0 ...
0A 0 ... _
A=|0 0. |=diag(i22,23,-) (4.118)
uj Uil Uy U3g ...
u Wip U U3l ...
=V us | = | wr3 uzs s ... (4.119)
and therefore,
JAT=A (4.120)

A=JA)"! 4.121)
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Now we may have the exponents of A,

A2 = [JAJ_l] : [JAJ—l] — JA2)! (4.122)
A2 = A2A = [JAZJ—I] : [JAJ_l] — JA3J! (4.123)
A" ; A.”._IA - [JA”‘IJ_I] : [JAJ‘l] =JA"J! (4.124)
where
M0 .
00 ...
AT=10 0. (4.125)

Hence, the power series of a matrix function (4.113) will be:

fA) =a)l+ a1A + aA* + a3A3 + -
=aoJlJ '+ @ JAT T + aJ AT+ @AY 4
=J[a01+a1A+a2A2+a3A3+--~]J‘1 (4.126)

where
[aol—}—alA +a2A2 + - ] =diag(ap + ajr —i—ag)»% ce

ao+a1A2+a2A%-~~,...

ap + ajhy +axr? ) (4.127)

4.2 Continued Fractions of Functions

Speed and domain of convergence of continued fractions approximation of functions
are much better than power series expansions. Hence it is of practical interest to go
from a power series to a continued fraction. Assume

f&x) =70+ fl(!o)x + fzfo)xz—f- S 3!(0)x3

= ago + ag1x + appx* + agzx® + - - (4.129)

4. (4.128)
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The continued fractions expression of the function f (x) will be:

anlx
£ () = apo + T (4.130)
1+ a)x
1+ as|x
1+ agqlx
1+
14...
where
1 d*
Ank = 0% (fu O+1 (4.131)
aoplx
X) = agy + ——— (4.132)
Jo(x) =ano Tt f100
folr) = —1% (4.133)
14+ fn—H (x)

Proof To prove (4.130) let us begin with a power series
f () =ao+ax +ax*+ax> +- - (4.134)

and rewrite it as

fo(x)=ao+a1x(1+—x+_x +)
ai ai

apx
T A ™ )

where

—1
fl(X)=<1+—x+—x + - ) —1

ai

=b1x+b2x +b3x3+-~-

b2 b3 2 > blx
=bix 14+ x4+ 25240 )= 7 4.136
! < by by 1+f2(x) ( )
1 d*
b= 57 (1O +1) (4.137)

The polynomial in f] (x) begins with 1 and therefore the inverse of the polynomial
will be another polynomial beginning with 1 to cancel out the last —1. Then,
factoring out the first term of the resultant polynomial makes fj (x) suitable to be
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defined by a similar function f> (x).

by by , !
L@ =(14+=x+=x"+-- -1
by by
_ 2 3
=cCiXx+cx"+c3x” 4
c2 C3 o c1x
e (142 B2y )oY (4.138)
( 1 cl ) I+ f3(x)
L o (4.139)
C = T dnk 2 '

Similar treatment of f> (x) will make another term of the continued fractions and
introduces f3 (x).

-1
fs(X)=<1+z—2x+C—3x2+---> -1
1

C1

=dix +dox* +dsx® 4 - -

=d1x<1+@x+@x2+-~->=dl—x (4.140)
dp d; I+ fa(x)
k

Back substituting fx (x) will make the continued fractions.

alx
So(x) =ao+ bz (4.142)

1+

C1X
dix
erx

1+---

1+
1+
I+

To make the process suitable to be computerized, we rename the coefficient of the
series

f @) = fo(x) = aoo + ao1x + apx® + agzx® + - -- (4.143)

to have the continued fractions expression of f (x) as:
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aplx
f(x) =agp + arix (4.144)
l + ajlx
1+ az|x
1 + agqlx
I+ —
14+...
where the coefficients a, to be:
1 d*
Ank = 0% (fa (0) + 1) (4.145)
and the functions fj (x) are:
aoplx
0o(x) =ap + ———— (4.146)
] I+ AW
o) = — MY 12,3, (4.147)
I+ fus1 (%)

The last four equations are enough to develop an algorithm to generate continued
fractions of given power series.

The convergence behavior of a power or numerical series and that of its
corresponding continued fractions may be different. Both may converge, both
diverge, or continued fractions may converge while the power series diverges, but
not the opposite.

The simplicity of working with power series is the main reason not to employ
the continued fractions when power series are available. However, as we will see
in the examples, the convergence of continued fractions is much faster and wider
than power series for the same number of terms of the expansions. This is the most
important advantage of continued fractions compared to series expansions, specially
when we consider the accumulated numerical errors. |

Example 130 Series expansion of y = In (1 4 x) to continued fractions.

Compared to power series expansions, the speed of convergence and domain
of convergence of continued fractions are advantages that justify using continued
fractions instead of series expansions whenever the series expansions cannot
converge as quickly as needed. This example shows how we find the continued
fractions of y = In (1 + x) from its series expansion.

2 X3 x4 x3

X
=In(l =X - — 4+ — -4 = — ... 4.148
y=In(l+x)=x 2+3 4+5 ( )

Let us rewrite this expansion,

2 x3 4 5
yo(x)=ln(1+x)=x—?+?—_+__...
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_ (4.149)

where
) | x_i_x2 x3+x4 ! |
= (122 _ . _
I 273

" x  x2 n x3 19x% " 71x° ]
2 12 24 720 480

X ! x+x2 19)(3_i_7lx4
2 6 12 360 240

M (4.150)

and

oo = (1 X )c2 19x3 N 71x* - |
X _rLr _ ... _
Y2 612 360 T 240
(147 4x3 899x* .
o 6 18 135 3240
x ( x  8x%  899x3  785x* )

6 45 520 T 1296

= i 4.151)
I+ y3(x)

and similarly

8x2  899x3 LT85 85 4 .
45 540 ' 1296

x2 19x3 N 15839x* |
5712 32400

| x+19x 15839x3+
5 4 10 800

¥3(x) =< —%C

x
3

W =

__ X3 (4.152)

1+ ya(x)
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+

Continued fraction

B [~ ]n-(! f_,f)——-—— e Exact equation

s

(%]

0

l 10 x 20 30
-2 Series expansion
=3
- 4 E

Fig. 4.1 Comparison of y = In (1 + x) with associated series expansion and continued fraction
approximations for the first 10 terms

4

3 ES ——3 1y =In(l+x)

2

H _
oJ E-C
. 10 x 2 30
-2

-3

-4

Fig. 4.2 The differences of exact solution minus continued fraction (E—C), and exact solution
minus series expansion (E—S) for y = In (1 4 x)

Therefore, the associated continued fraction would be:

x x/2x/6 x/3
Sl 4x) = — =D A2 4.153
Y= = T T T e (4.153)

Although this method is not the most efficient method, it indicates a possible
conversion of power series to a continued fraction. Figure 4.1 compares y =
In (1 + x) with associated series expansion (4.148) and continued fraction approx-
imations (4.153) for the first 10 terms. It shows well how the continued fraction
provides a better approximation compared to series expansion. Figure 4.2 illustrates
the differences of exact solution minus continued fraction (E—C), and exact solution
minus series expansion (E—S).
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Example 131 Continued fraction of y = In (1 4 x) to series expansion.
Let us assume we have the continued fraction of In (1 + x).

x x/2x/6 x/3
—In(l4x) =~ M2 4.154
y =0 = T T T e (@.154)

First we begin with the first two terms.
X 2x
= (4.155)

y = X
1+ = x+2
+2

Series expansion of this fraction is correct only up to x2.

X 2x 1, 134
_ — —x - — X — . 4.156
YEILE Txy2 YTt A (4.156)
2
The next term of the continued fractions makes the series expansion:
12 2 x3 49x*
y: * :x<x+ ):x—x——i——x — * (4157)
X Tx + 12 2 24 288
1+ X
2+ —

6
Expansion of the fourth terms of the continued fractions makes the first four terms

of the equivalent series expansion.

. X I (5x + 36)
v I+ — X 2 +23w+36
2+ =
6+ =~
3
2 3 4 5
X Tx 149x 3175x
=x-—+—— +——— — ... 4.158
I T TR TR T (4.158)
Continuing the conversion will show that series (4.158) approaches (4.148).
Example 132 Series expansion of x = exp (—a¢) to continued fraction.
Consider the series expansion of x = exp (—at).
2.2 3.3 4.4 5.5
t o't o't a’t
e g _ 4.159
r=e ot 6 " 24 120" (159)
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Let us rewrite this expansion,

o??

4 Functional Continued Fractions

3.3

a3t 4.4

ottt o8

@) =e*=1—at+

2

ot
- =+

o

6 120

a3’

24

242 a4

1—at<l

ot

2

=1
14+ x1 (1)

where

a?t?

_>

6 24 120

(4.160)

4.4

a3 a*r

7%

22

—1
_ — ... -1
24 )
ot 016

4

12

o

_at/2
T+ x2 (x)

(1+
at

and

at a3t

x2 (1) 6 360

a??

343

360

720 0 30240
adrd
15120

(4.161)

-1

) 1

N adtd
15120

a3 ottt

6

<1_

—at/6
1+ x3()

36

Olt+
6

and similarly

o

+...>_1

540 6480
N a3t ottt N
1080 4536

a??
90

(4.162)

a3 ottt

X3(l‘)=<

..)‘1_1

1080 4536

atrt a0

+<x
6

<1+

_at/6
14 x4 ()

1
- (l
ot

ot

6 10

t a2t2 n

6 90

t N 2t2
60

a3

1400

_.)_1

~ 8400 T 756000

3 a’td

126000

(4.163)
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J

| %j H6 / té’

8 o
e iy 80 8
5\ x = exp(-at) g
= x e - B~
T\ § 29 I | :
o <} =
(NS = =
“:;{5 ~]
g T 401 =
i}
‘6-
= 20

\""‘"--.._.__
-4 =2 0 2 4 6 8

1

Fig. 4.3 Comparison of x = exp (—at) with associated series expansion and continued fraction
approximations

E-C 5 x =exp(-ar)

\

.-""'-..-‘

t
L
]
=)
th
&
Cy

D
th

Fig. 4.4 The differences of exact solution minus continued fraction (E—C), and exact solution
minus series expansion (E—S) for x = exp (—at)

Therefore, the associated continued fractions to x = exp (—«t) would be:

ot at/2 —at/6  «t/6

=exp(—at)=1—— 4.164

X = exp(—ar) I+ 1+ 1+ 1+x0) (4.164)
Continuing the method will provide:

e a_tat/Zat/6oet/6at/10ott/lO 4.165)

I+ 1- I+ 1- 1+ 1-

Figure 4.3 compares x = exp (—at) with associated series expansion (4.159) and
continued fractions approximation (4.165). It shows very well that the accuracy
of series expansion cannot be compared to the well approximation of continued
fraction. Figure 4.4 illustrates the differences of exact solution minus continued
fraction (E—C), and exact solution minus series expansion (E—S).
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Example 133 Even series.
There are even and odd power series that their continued fractions will be needed.
The functions cos x and sin x are two examples.

-1 xat af 4.166
cosx = _2!+4!_6!+“- (4.166)
3 5 7
. XX x
e =x oS gt (167

The presented procedure in (4.130) will fail because we will hit division by zero
somewhere in the process of converting even or odd series into continued fractions.
Such functions need a reconsideration. To convert such series let us begin with an
even power series,

f ) =ao+ax® + asx* + agx® + - - (4.168)

and rewrite it as

fo(x) = ao + axx’ (l+a—4x2+a—6x4+...>
az

aj
2
arx
=ayp+ —— 4.169
"TIF A ( )
where
as ag -1
L x)= (1+—x2+—x4+~~~> -1
[75) ay
= b2x2 + b4x4 + b6x6 =+
by be byx?
=b2x2(1+ —x24 =2xt 4. ):— (4.170)
by by 1+ f4(x)
1 2k
b 0 1 4.171
%= 1 dn2k (2000 + 1) ( )
then,
fax) =14+ —x"+—x"+--- —1
by by

= czx2 +C4x4+c6x6+-~~

2
“ 2+C—6x4+~-->=L 4.172)

=cx“ 14+ —
< €2 2 L+ fo (x)
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d2k
Cop = @Il % (fa@®+ 1) (4.173)
Similarly we treat fg (x) to find fg (x).
-1
c c
fﬁ(x)=(1+_4x2+_6x4+) _1
c2 [65)
=dox? + dyx* + dex® + - -
=d2x2<1—|——x + x4 ) = —— (4.174)
dr dp 1+ fs (x)
2k
dyr = Q0 dnk (f6 (0)+ 1) (4.175)

Back substituting f>x (x) will make the continued fractions.

a2x2

Jo(x) =ao+ e (4.176)
1+ z

cox?

1+ 3
dox
1+ ————

1+ erx
14+--.

Similarly we are able to develop the method to derive the continued fraction of odd
power series.

Example 134 Euler method of series to continued fractions.

Euler introduced an alternative method to derive the continued fractions of a
power series that is specially easier to use when the coefficients are numbers. If a
function f (x) is defined by a power series

o
f=coteax+ox?+ +ox+. =) gat 4.177)
k=0

there exist a continued fractions equivalent to the approximated series.

c Ck
—X X
X ¢ Ck—1
fo=a- S L - (4.178)
B e 14 x—
cl Ck—1
c1X coC2X Ck—2CLX

fx)=co—

. “4.179)
co+cix—c1 +cx— Ck—1 + crx—
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To show the Euler method, consider a summation series
0

f=cwtctat - Fa+-=) a (4.180)
k=0

to be equivalent to a continued fraction

ay a; as ar
by 4+ — = 2 LK 4.181
f 0 b1+ by+ b3+ b+ ( )
we must have:
by = ¢ ar =cyp+ b =1 (4.182)
bk:w a = ——% k=1,2.3, .- (4.183)
Ck—1 Ck—1
and therefore,
1 () c3 Ck
> co ol o Ck—1
Somer GG
k=0 l+—1+—1+—=— I+ —-
co Cl 2 Ck—1

The continued fraction of a power series (4.177) will be expressed in one of the
following forms:
alx axx azx agx

xX)=by+ — = =27 ... 4.185
F @ 0 b1+ by+ b3+ b+ ( )

or

by c1x x c3x CkX
fl)=— — == 22 ..

_— 4.186
1+ di+ do+ d3+ di+ ( )

Example 135 Series to continued fractions, by Euler.
Euler introduced another expression to relate summation series and continued
fractions (Euler 1988). We can verify that:

ag + apal + apajaz + agaraaz + - - - + apajazas - - - ay
a az as an

= + DRy
a0 l+ai— 14+a— 1+az3— 1+ a,

(4.187)

Now having the continued summation series expansion of a function as

f=co+c+cort+cztcaa+---Fe+--- (4.188)
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we are able to determine ao, ai, az, az, - - - .

Cl 2 Cc3
apg = cg a = — a = — a3 = —
«)] C1 2
c4 Ck
as = — PR ayp =
c3 Ck—1

Example 136 Euler method and arctangent function.
The power series expansion of arctan x for —1 < x < 1is:

x3 X3 x7 3o L

t. — 0y — — - -
arctanx = x 3—}—5 7+9 11—|—

Knowing that

-1
co=0 c1 =1 =0 C3=T c4 =0
_ | =0 _ ! =0
cs = 3 c6 = c7 = 7 cg =
c9g = 9 Co = Coh+1 = %1
the continued fractions equivalent to the series will be:
x? 9x? Qk +1)*x?

arctan x =

To employ Eq. (4.194) for arctan x, we may use (4.190) and set

ajay —x3/3 x2
a()=0 ap) = x a2=a—= P :—?
1
ajaas x5/5 3x2
a3 = = = —_—— ..
ajaz —x3/3 5

and recover the continued fractions for arctan x.

al ar as dn
arctanx = ag + —
I+ 14+ax+1+a3+ 1+ay,
X x2 0x2 25x2

1+3 — x245 - 3x2+7 — 5x2+

Example 137 Exponential function e?.

T+ 3 —x24 5—3x2+  2k+1— 2k— x4+

287

(4.189)

(4.190)

(4.191)

(4.192)

(4.193)

(4.194)

(4.195)

(4.196)

If we are able to develop an identity such that a function appears on both sides,
usually we are able to express the function in a continued fractions easier. From the
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Euler formula

¢! = cosf +isinf (4.197)
e% = cosf —isinf (4.198)
we have
i0 —if
cosf = % (4.199)
i0 1
eV =2cosf — — (4.200)
6’0
and therefore,
. 1
e =2cos6 — 0 (4.201)
2cosf — I
2cosf —
2cosf — .
in 20
PO gcosp = 20 (4.202)
q0 sin 0
1 in 360
Pl 5 osh — _ (4.203)
q1 2cosf  sin26
1 1 in(k +2)6
Pk _ 9 cos6 — Lo Snk+2)6 (4.204)
qr 2cosf— 2cosH— sin(k+1)6

Example 138 Hypergeometric function.
The hypergeometric function f (a, b, c, x) is expressed by the following power
series expansion

Fabexn=1+%2 a@+)bb+1)x?

c 1! c(c+1) 2!
aa+1)@+2)bb+1)(b+2)x3
T cc+D(c+2) §+ (4.205)

In the special case of a = 1, b = c, the series (4.205) reduces to a power series or
geometric series.

F,b,b,x)=14+x+x>4+x 4 (4.206)
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That was the reason the function f (a, b, ¢, x) and series (4.205) have been called
hypergeometric function and hypergeometric series. The function is introduced by
Gauss and hence, it is also called Gauss function (Gasper and Rahman 1990).

The hypergeometric function f (a, b, c, x) was discovered by Carl Friedrich
Gauss (1777-1855). Hypergeometric function includes all elementary functions.
For example:

5 50035
LI DR I 4207
6" T 10 T A (4.207)

1 3
tan~ ! x = zf (5’ 1, 3 —xz)

1 1 1 1

—x— §x3 + §x5 - 5x7 + §x9 +-- (4.208)
X 12x2 2252 3252 4242
1+ 3+ 5+ T+ 9+

(4.209)

The parameters a, b,c , ¢ # 0, —1, —2,--- may be complex constants and x to
be a complex variable. The hypergeometric function is the solution of the Gauss
differential equation.

d*y dy
x(l—x)—F+(c—(@+b+1)x)— —aby=0 (4.210)
dx? dx

Assume y is expanded in a power series around the origin.
o
y=Y At Ag=1 4211
k=0

Comparing the coefficients of x* for y to be a solution of (4.210), we get a
recurrence relation

(k+1) (c+k) A1 = (k+a) (n + B) Ax 4.212)

and hence,

_ (k—l—a)(n—i—ﬁ)A

_ (4.213)
(k+1)(c+k)

k+1
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The series converges for |x| < 1 and diverges for [x| > 1. Incase of x = 1 it
converges when ¢ > (a + b) and in case of x = —1 it converges when (c + 1) >
(a + b). From the symmetry of the hypergeometric power series we know that

f,b,c,x)=f(b,a,c,x)
f@be,x)y=>0-x)" f(c—a,c—b,c,x)
also we may check that
f,byc,x)y=f(@b+1,c+1,x)

a(c—D>b)
- 1,b+1, 2,
C(C+1)xf(a+ +1,c+2,x)

f,b,c,x)=f@+1,b,c+1,x)
b(c—a)
—mxf(a—i-l,b—i-l,c—i—lx)
f@,b,c,x)=f@+1,b+1,c+2,x)
_(b+1)(c—a+1)
(c+D(c+2)

xf@a+1,b+2,c+3,x)

employing these three identities we can show

f(a,b,c,x) ) a(c—b) f@+1,b+1,c+2,x)
=1- by
f@b+1,c+1,x) c(c+1) fla,b+1,c+1,x)

f@b+1,c+1,x)
f@+1,b+1,c+2,x)
1 (b+1)(C—a—|—1)xf(a+l,b+2,c+3,x)
(c+1)(c+2) f@+1,b+1,c+2,x)

Let us name the function g (a, b, ¢, x) as

’b’ 9
gi(b,a,c,x)= fl@.b ¢ x)
f@b+1,c+1,x)
1b 11 17
gi+1(b,a,c,x) = flabtletly)

f@+1,b+1,c+2,x)

to have

(4.214)

(4.215)

(4.216)

(4.217)

(4.218)

(4.219)

(4.220)

4.221)

(4.222)
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—b 1
g,a,c,x)=1- ale—b)x (4.223)
cc+1) git1(b,a,c x)

eyl bED—atDx ! (4.224)
8i+1b,a, ¢, (c+D+2)  git2(b,a,c x) .

and therefore,

Aix Axx Apx
b.a,c,x)=1+— 22 ... .. 4.225
gb,a,c x) +1 1 1 ( )

where

_ (b+k)(c—a+tk)
(c+2k—1)(c+2k)
(@a+k)(c—b+k)

Agisy = — 4227
T T T2 e+ 2k + 1) (4.227)

Ay =

(4.226)

and these relations make the continued fractions expression of hypergeometric
function (Aomoto and Kita 2011).

b, c, Aix A A
fa,b,cx) g A Ak Ak (4.228)
f@b+1l,ctlx 1+ 1+ 1+

Gauss himself presented the hypergeometric series in continued fraction as follows:

o P e 4.229
f(a,b,c,x) - 1- 1- 1— 1— (4.229)

a+k—1D(—b+k—1)
T (c+2k—2)(c+2k—1)
b+k)(c—b+k)

T T e k=) (c + 20 (4.23D)

(4.230)

Based on their Taylor series expansion, many mathematical functions are special
cases of the hypergeometric function and hence, (4.228) would express their
continued fractions. As a few examples we may check the following functions
(Jones and Thron 1980):

A+x) =zf (—p, 1,1, —x)

_ 1L Epxld+px1d—p)x
1+ 1+ 2+ 34+
22+ p)x2Q2—-p)x

44 5+

(4.232)
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Table 4.1 Approximation of y = In (1 + x)
for x = 1 form (4.236) and (4.237)

k | Continued fraction | Series expansion

11 1
2 10.666 0.5
3107 0.833
4 10.692 0.583
5 10.6933 0.783
6 0.69312 0.616
7 10.693147 0.7595
. X
expx = lim f (a,b,b, —) (4.233)
a— 00 a

In(1+x)? =zf (—p, 1,1, —x)
_ 1 Epx1d+pxld—p)x

1+ 1+ 2+ 3+
2(2 22—
C+px2C-—px 4.234)
4+ 5+
Legendre polynomials
1—x
Pp(x)=f|-nn+11, — (4.235)
Example 139 Convergence speed.
Consider the continued fraction and series expansion of y = In (1 4 x).
y=In(l+x)
_ X x x x2edxdx ke ko 4.236)
14+ 2+ 342454+ 247+ 2424+ 1+
In(1 +x) LS ST A A AN (4.237)
=In =xX-——+=-"—+—=———+4+-- .
Y VEITR T T TS T
Let us try the two approximations for x = 1. The exact value of In (2) is:
In (2) = 0.6931471805599453094172 - - - (4.238)

Table 4.1 compares the continued fraction and series expansion of y = In (2) by
increasing the number of terms. It can be seen that the continued fraction approaches
the acceptable approximation much faster than the series expansion (Brezinski and
Wuytack 1992).
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Table 4.2 Approximation of y = exp (x) for

x=2
k | Continued fraction | Series expansion
1 1 1
3 1033 5
5 19 7
7 |8 7.3556
9 ]7.3902 7.3873
10 | 7.3880597 7.3887125
11 | 7.38914027 7.38899470
12 | 7.389055923 7.389046015

As another example, let us consider the continued fraction and series expansion
of y = exp (x).

y = exp (x)
1 x X X x X X X x X
= — b —_— e (4.239)
I+ —1+ =2+ 342+ =5+ -2+ 7+ 2+ -9+
2 x3 x4 xS x6
y—exp(x)—1+x+—+§+—+§+5
x 4.240
+ﬁ + 3 + o (4.240)
The exact value of exp (2) is:
exp (2) = 7.389056098930650227230 - - - (4.241)

Examining the two approximations for x = 2 provides us with Table 4.2 to compare
the continued fractions and series expansion of y = exp (2) by increasing the
number of terms. The continued fractions approach the acceptable approximation
much quicker than the series expansion.

Example 140 The perimeter of ellipse.
While the area A of an ellipse has a simple expression,

x2 yZ
;4_?:1 a>b>0 (4.242)
A =mab (4.243)

its perimeter P has no simple equation in terms of elementary functions of a and b.
The differential of the arc length ds using

X =acosf y =bsiné
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is
ds®> = dx* +dy* = (a2 sin® @ + b? cos? 9) do?
= (a* = (a® = b?) cos? ) a6” (4.244)

The arc length formula for calculating the perimeter P

2 2
/ ) 9—4/ \/a sin? 0 + b2 cos? 6dO

—4 / \/ — b?) cos? 06 (4.245)

will be

/2
P = 4a/ V1 —e2sin? g dp = 4aE () (4.246)
0

if we define ¢ = /2 — 6, and introduce the eccentricity e of the ellipse.
a? —b* = a*é? (4.247)

The perimeter P leads to an equation based on complete elliptic integral of the
second kind E (k).

P = 44E (k) (4.248)
/2
E k) = f 1 — k2sin%6do (4.249)
0
K=1-— —2 (4.250)
a

By expanding the integrand in a series and integrate the series, we get the following
approximate formula:

o) 2
P:n(a+b)z<1]/€2) qk
k=0

2 3
q 9", 9 | 25
:7‘[((1+b)(1+2—2+§+28+27+ )

(i)
g = (4.252)

(4.251)
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The series may be transformed into a continued fractions.

q/4 —q/16 —3q/16 3q/16

L = b1+ — .- 4253
”(“+)(+1+ I+ 1+ I+ (259

Example 141 Elliptic functions.

For0 <k <1and 0 < ¢ < 7 /2, the elliptic integral of the first kind
u=F(x, k)= / x €[—1,1] (4.254)
\/ 1—y2) (1 — k2y2)
is also defined as
¢ do
F(p, k) = / —_— pel[—1,1] (4.255)
0 1 —k2sin’6

X =sing (4.256)

For x = 1 or ¢ = 7 /2, these definite integrals are called complete elliptic integrals
of the first kind and denoted by K (k):

(4.257)

K(k)_/l dy _/ do
0 JU-y)(1-k2) o VI-k2sin6

The elliptic integral of the second kind is defined by

X (1 _k2y2)
E(x, k) =/ ———=Ldy  xel-11] (4.258)
oV (1-»?)

¢
E((p,k):/o V1 —k2sin’6 d6 ¢ e[-1,1] (4.259)

X =sing (4.260)

or

For x = 1 or ¢ = 7 /2, these integrals are called complete elliptic integrals of the
second kind and denoted by E (k):

1 122 /2
1—k
E(k) = ST gy = V1 —k2sin®6 do (4.261)
1 2
0 =Y 0
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The elliptic integral of the third kind is defined by

X
d

M(x, k,n) = / ) xel[=1,1] (4262

0 (1+n2y2) /(1= y?) (1 - k%?)

or
@ do

Mg, k.n) = / pel-1.1]  (4263)

0 (1 + n2sin? 9) V1 —k2sin?60
x =sing. (4.264)

For x = 1 or ¢ = 7 /2, these integrals are called complete elliptic integrals of the
third kind and denoted by I (k, n):

dy

I (k,n) = /0 (1 4 n2y?) \/(1 —2) (1 — k2y?)

fﬂ/2 do
—Jo (1+nzsin29) 1 — k2sin%6

(4.265)

When a dynamic problem reduces to an elliptic integral, the problem is considered
solved. The behavior of elliptic integrals is well-defined.

Example 142 Elliptic functions are the inverse of the elliptic integrals.

There are two standard forms of elliptic functions, known as Jacobi elliptic
functions and Weierstrass elliptic functions. Jacobi elliptic functions appear as
solutions to differential equations of the form

d2
d—; =ap+ax+ a2x2 + a3x3 (4.266)
and Weierstrass elliptic functions appear as solutions to differential equations of the
form
d2
d_tj =ap+a1x + az)c2 4.267)

There are many cases in which F' = F(x) in the equation of motion

dv
mv— = F(x) (4.268)
dx

is a polynomial or can be expanded as a polynomial,

F(x) =ap + arx + axx* +azx> + - (4.269)
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Consider the motion of a particle with mass m = 1 and with the equation of motion
of the form

d’x 2 3

o= F(x) =ap+aix + axx” + azx (4.270)
which describes the motion of a particle moving under a force function expanded
up to third order in displacement x. The solution of this type of equations can be
expressed in terms of Jacobi elliptic functions. Multiplying (4.270) by x leads to the
first-order differential equation

1
S - (aox + ?x + “32 g ‘;—%4) —E, 4.271)
where E is a constant of motion.
1., a %3 as 4
Er = i — (aoxo + S + 5 S0+ ) 4.272)
We may write Eq. (4.271) in the form
2 2 3 4
X“ =by+ bix + byx“ + b3x’ + byx (4.273)
or
P =by(x—a)(x—B) (x —y) (x =) (4.274)

Adrien-Marie Legendre (1752-1833) transformed Eq. (4.274) to

¥ = (l —~ y2) (1 -~ kzyz) (4.275)
where
2_B-Hx—a) (4.276)
(@ —38)(x—B)
2o B-r@=-9 4.277)
(@=38) B -9 '

The solution of Eq. (4.275) is

/dt / 4.278)
\/ 1—y?) (1 —k2y?)

Assuming k2 < 1, Legendre transformed the integral
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F(x,k) =

—-1<x<1 (4.279)

/ \/ 1—y2) (1 — k2)2)
to
¢ d
F(p, k) = / %% x=sing (4.280)
0 1 — k2 sin

which is the elliptic integral of the first kind. The inverse function of the first kind
of elliptic integral,

x = sn(x, k) =sing = F~ ' (x, k) (4.281)
or
sing = sn(u, k) = sing = F~ (¢, k) (4.282)

is called the Jacobi elliptic function x = x(u, k) and is shown by sn(u, k). So,

. ¢ do * dy
sn”(u, k) = —— = (4.283)
0 V1—K2sin’¢ Jo \/(1_y2) (1 - k2y2)
The angular variable ¢ is the amplitude of # and is denoted by am(u).
@ = am(u) = sin~! (sn(u, k)) (4.284)

If x = 1 or ¢ = /2, the definite integrals (4.279) and (4.280) are the complete
elliptic integrals and are denoted by

K(k) = / / (4.285)
\/l—y 1—k2 JT—k2sino

Two other Jacobi elliptic functions are defined by

en(u, k) =cosp =+ 1 — x2 (4.286)
and
dn(u, k) = V1 — k2x2 = /1 — k2sn2(u, k) (4.287)

which are the inverse functions of the following integrals, respectively:
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/ el dy (4.288)
u= .
1 \/ 1—y2) (g2 — k2y2)

dn(u,k) dy
u = (4.289)
! \/ 1—y2) (y> = ¢?)

The Jacobi elliptic functions are related by

sn?(u, k) +cn®(u, k) = 1 (4.290)
dn®(u, k) + k* sn®(u, k) = 1 (4.291)
dn®(u, k) — kK> en®(u, k) = 1 — k2 (4.292)

and their derivatives are related by the identities

disn(u, k) = cn(u, k)dn(u, k) (4.293)

u

dicn(u, k) = —sn(u, k)dn(u, k) (4.294)
u

didn(u, k) = —k*sn(u, k)en(u, k) (4.295)
u

The theory of elliptic functions was independently developed by Abel (1802-1829)
and Jacobi (1804—1851) in the nineteenth century.

Although elliptic functions only enable us to solve a relatively small class of
equations, some important problems, such as pendulum, Duffing equation, and
torque-free rigid body motion, belong to this class.

As an application, consider the equation of motion of a pendulum,

mi*6 + mglsin® = 0 (4.296)

which can be reduced to a first-order equation using the energy integral of motion
K+V=E:

1.
5mlze)2 +mg (1 —cos0) = E (4.297)

The energy required to raise the pendulum from the lowest position at & = 0 to the
highest position at & = 7 is 2mgl. So, we may write the energy of the system as

E = k* 2mgl) k>0 (4.298)

where the value of k can be calculated by the initial conditions.:
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Eo 1[1 i
k= [0 — 2 [ = (2g+ 1262 — 2 cos® 4299
\/2mg1 2\/gl(g+ 07 “8CO8 ") (4.299)

The condition 0 < k < 1 is equivalent to the oscillatory motion of the pendulum.

Example 143 Arctangent function, y = arctan x.
The differential equation for y = arctan x has the form

1
= 0)=0 4.300
Y =1 y(0) ( )
Substituting y with
== (4.301)
YTt '

makes a new differential equation.

(1452) 22+ (1-27) 242 =2 2 =0 (4.302)
This is another particular case for (4.748), in which

a=d =B=y=68§=1 B =-1 k=2 (4.303)
Therefore the solution (4.751) will be:

X x x2 4x2 9x2 nx?

1+z 14345+ 7+ 2n+1

y = arctanx = (4.304)

The discovery of this expansion was credited to Lambert (1728—-1777). This
expansion satisfies the conditions of Stolz’s theorem and therefore, Eq.(3.179)
makes other form of the continued fractions for the function y = arctan x.

x2 9x2 4x2 @2n+ 1D2%x2 2n)* x2
34+ 5+ 7+ 4n+ 1+ 4n+ 34

(4.305)

Lambert found the continued fractions expansion for In (1 4 x), arctan x, tan x, and
clarifies their convergence conditions (Jones and Thron 1980).

Example 144 Y Thiele’s formula.
The Taylor series

2 n
FOAm = @+ 1 @42 f 04 @ @306

is equivalent to the Thiele’s continued fraction formula.
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h h h

.
JaEm =t T (f GO+ 37 2 (f ) +

e —_— . 4.307
nrrp—1 (f (x))+ ¢ )

Thiele’s formula is another method of obtaining the expansions of functions into
continued fractions. In Thiele’s formula, r, (f (x)) is called the inverse derivative
of the nth order of the function f (x) defined as

r(f(x) = f/( R (f ) = f ) +2r (ri (f (x))) (4.308)

or in general forn > 2
rn (f (X)) =ra—2 (f () +nr (ra—1 (f (x))) n=2 (4.309)
As an example let us consider f (x) = e*

r(e)y=e™ n(f) == rn()==D"e" (4.310)

rat1 (€)= (=D)"(n+ 1) €* (4.311)

and hence
@Cn4+Dr(rm(e’) =D"Cn+ e (4.312)
@n+ D) r (rang (€9)) = 2(=1)" e (4.313)

Using these relations and replacing x by 0 and & by x in Thiele’s formula (4.307),
we find Eq. (4.775).
4.3 Series Solution of Differential Equations

A function f (x) is analytic at a point x = a, if it can be expressed as a power series
around the point x = a.

fw=f@+f@e-a+ P w-a? + I wmas
®
Zf (a)( —a)f = Zak(x—a)k (4.314)
’ k=0
®
=1 @ (4.315)

k!
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Consider the general second-order linear differential equation, for which there is no
general closed form solution, unless the coefficients are constant (Simmons 1991).

Y+ Py +0x)y=R®x) (4.316)

If the functions P (x), Q (x), R (x) are analytic at a point x = a, then the solution
of the differential equation can be represented by a power series with a finite radius
of convergence s > 0.

y=)Y ak-at (4.317)
k=0

Such a point x = a is called ordinary point. If any of the functions P (x), QO (x),
R (x) is not analytic at a point x = a then, the point x = a is a singular point.

There are two equivalent methods to derive the series solution of a differential
equation: substituting and derivative methods.

4.3.1 Substituting Method

We assume a power series solution for the unknown function y at the interested
point x = a,

y=Y abx—al (4.318)
k=0

and then substitute the power series and its required derivatives in the differential
equation, then expand the result and collect the coefficients of (x — a)* for k =
1,2, 3, ... Equating the coefficients of (x — a)¥ to zero determines the coefficients
cix. Depending on the order of the differential equation, all coefficients will be
functions of only the same number of coefficients as the order of the equation. The
advantage of substituting method is the possibility of having a recursive equation to
determine the next coefficients from the previous coefficients.

Proof Let us consider the general form of the second-order linear differential
equations

LY + Y+ fo)y=f&) (4.319)

where f; (x) and f (x) are continuous functions of the independent variable x. We
are able to determine a solution around an ordinary point ¢ at which

f2(a) #0 (4.320)
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or around a singular point ¢ at which
f2a) =0 (4.321)

Equation (4.319) may be simplified to (4.316) at any ordinary point. If f, (x) # 0,
then there is no singular point and Eq. (4.319) may always be simplified to (4.316).

For analytic functions P (x), Q (x), R (x), we may expand them into power
series

% p(n)
P=Y P n'(“) (x —a)" (4.322)
k=0 :
— 0™ (a)
0 (x) = Z p (x —a) (4.323)
k=0 ’
> R™ (a)
Rx)=Y" - a)" (4.324)
k=0 :
and find a Taylor series solution
Y =Y ax—a) (4.325)
k=0

at an ordinary point by substituting (4.322)—(4.324) into (4.316), and sorting the

result for (x — a)k, k =0,1,2,---. Setting the coefficients of (x — a)k equal to
zero provides us with a set of algebraic equations to determine ¢, k =0, 1,2, -- -,
and calculate the series solution. A few examples will show the method. |

Example 145 Series solution for equation y” + y = 0.
Let us substitute an unknown power series

o

y = Zakxk =ao+a1x—|—a2x2+--- (4.326)
k=0
o

V' =Y k(k— 1) aex*? = 2ay + 6azx + 12a4x* + - - (4.327)
k=2

in the equation.

y'+y=0 (4.328)
2ap + 6azx + 12a4)c2 +---4ag+ax + a2x2 +---=0 (4.329)
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Rewriting in a new power series
(ao + 2a2) + (a1 + 6a3) x + (a2 + 12a4) x> +--- =0 (4.330)

and equating the coefficients to zero provide us with:

1
ap+2a, =0 ap = —an (4.331)
1
a; +6a; =0 az = —gal 4.332)
+12a4 = 0 ——mm =2 (4.333)
ar as = a4 = 12a2 = 24ao .

Therefore the solution will be:

y=ao+a1x+a2x2+a3x3+a4x4+~-~
1 , 1

1
=aptayx — anx — ga1x3 + ﬂaox4 + -

1 1 1
= 1— —x2 4 x4 —x04...
a0< 2t Tt Tt

+ S S (4.334)
a[x——x"4+ —x>— ——x" 4+ --- .
! 6 120 5040

The solution will only depend on two constants ag and a; which are supposed to be
found from the initial conditions. If the initial conditions are

yO =y Y0 =y (4.335)

then
ap = yo ar =y, (4.336)
Figure 4.5 illustrates the series solution of the equation for y (0) = 1 and y’ (0) =0

up to different exponents compared to the exact solution.
We may recall that

1 1 1
1— §x2 + ﬁx“ - —720x6 + ... =cosx (4.337)
I 5 1 1 5 .
X—=x"4+—x"———x'+--- =sinx (4.338)

6 120 5040

and therefore, the exact solution of the differential equation is:
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exact solution
.‘s x‘; "’ \

=i

| 10
el /
Xt X

x° series solution
= 2 L

Fig. 4.5 Power series solution of y” + y = 0 for y (0) = 1 and y’ (0) = 0 compared to exact
solution

Yy =apcosx + aj sinx (4.339)

A good question is: if we have a convergent power series, is it equal to a known
function, and if yes, how can we recognize the function? The answer is: not every
power series is equal to a known elementary function, and if it is, then, in general,
it is not possible to determine the function. However, we may have a table of power
series expansion of elementary function to recognize the associated functions in a
power series by comparison. How quick and whether the series solution converges
to the actual solution is a more difficult matter to answer. The correct answer is: we
need infinity number of terms to get the exact solution. Any truncation eventually
makes the series to deviate from the exact solution.

Example 146 Rewriting the summations technic.
Let us find the power series solution around x = 0 of the equation,

Y 4y + (1 n xz) y=0 (4.340)
yO =2 Y0 =0 (4.341)
Substituting
o0
y = Zakxk =ag+ax + a2x2 + a3x3 + .- (4.342)
k=0
o o0
y = Zkakxk_l Y = Z k(k — 1) apx*2 (4.343)
k=1 k=2

provides
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o0 o0 o0
Y k- Dax* 3 kapt !+ (1 + xz) 3wt =0 (4.344)
k=2 k=1 k=0

We expand and multiply (1 + xz) with the summation to rewrite the equation as:

o0 o0 o0 o0
D kk—Dax* 2+ ka4 Y " axk + ) ax* =0 (4.345)
k=2 k=1 k=0 k=0

The powers of x in the first, second, and last summations are different from the third
summation. To determine the coefficient of each power of x, we need to change the
power of x in the first, second, and last terms fromk — 2,k — 1, and k + 2 to k. In
the first summation we setm = k — 2,

o oo
D k(k—Dax*2 =" (m+2) (m+1) apsx" (4.346)
k=2 m=0
however, m is a dummy index and may be replaced by any other symbol such as k.
o0 (0.¢]
Z m+2)(m+1)api2x™ = Z (k+2) (k + 1) ag42x* (4.347)
m=0 k=0

Similarly, setting m = k — 1 in the second term and m = k + 2 in the last term will
make their exponent to start from 0, although not all summations start from k£ = 0.

oo o
Zkakx"—l = Z (m + 1) a1 x™ (4.348)
k=1 m=0
o0 o0
D ax* =" ay, ox™ (4.349)
k=0 m=2

Renaming m back to k in the summations and substitute all summation in (4.345)
yields:

o0 o0
STk +2) k+ Dagoxk + )k + D agpx*
k=0 k=0

o0 o
+ Z agx* + Zak_zxk =0 (4.350)
k=0 k=2

By assigning k = 0,1,2,3,--- and simplifying the equation, we determine the

coefficients of x0, x, x2, x3, .-, all to be equal to zero. The coefficients make a set
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of algebraic equations to determine the unknown ay of the solution (4.342).
2a0+a;+ap=0 k=0 (4.351)
6a3 +2a, +a; =0 k= (4.352)
k+2)k+Dagyr+ (k+Dag1 +ar +ar—2=0 k>2 (4.353)
The first equation indicates that

a = A "4 (4.354)

and the second equation indicates that

—2a> — ay ap
== = _ = 4.355
a 6 6 ( )

and the third equation gives us a recurrence relation to determine all coefficients
of (4.342) for k > 2.

—k+1Dags1 —ar — a2

Qpsn = 4356
2 (k+2)(k+1) (4:336)
Therefore,
_ ! L 41 (4.357)
W=TpR T AT B T TR T 9 '
1 1 1 7 358)
45 =750 T 20 T 5% T 1209 T 120 '
_ 1 ! LML C DI (4.359)
46 =730 T 30 T 6D T 72090 T 40! ‘
and the solution will be
=ap+ax + i " x2+a—0x3+ ia—ia x*
y=doma 2 6 249 T 190
(g~ Lar )+ (o + ) 5+ (4.360)
120 7 1204 )Y T\ 7207 T 30 )Y ‘
1 1 1 1 13
(1t ipn Ly boso e
< e Tt Tt ot )

1, 1., 7 5 14
B T e LI N 4.361
+(x T Tt Tt )@ (4.361)
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[Re]

exact

10
X

~1

Fig. 4.6 Comparison of series solutions and exact solution of y” + y' + (1 + xz) y = 0 for
y(0) =2,y (0)=0

Employing the initial conditions (4.341), we find
a=y0)=2 a=y(0)=0 (4.362)
and the solution simplifies to:

1 1 1 13 17
S BT 0 B N SR SN BUU AW
Y AT Tt T30t T 1260°
9 o 89 , 1

t2240" T 181220" T 2520°

+ - (4.363)

Figure 4.6 compares the series solutions for different exponents of the series with the
exact solution. The series solution is acceptable only for a limited domain. Although
theoretically, the series solution will approach the exact solution when the number
of terms approaches infinity, it is not practically good enough to approximate the
solution away from the point that the series calculated about, in this case x = 0.

Example 147 A nonlinear dynamic system.
A spring hardening mass-spring system is governed by equation

i+x°=0 x©O=1 0 =0 (4.364)

The guess series solution of the equation around ¢ = 0 is:
[e ¢}
x(@) =) at* (4.365)
k=0

The derivatives of the power series are:
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F@) =) kat' E@) =) kk—Dat*?

k=2

Substituting the series in the equation

o0 o0 3
D k(k— a2 + (Zaktk) =0
k=2 k=0

and sorting

[o.Clae Sl ¢

Zk(k—l)aktk 2—}-2226151 axt'titF =0

i=0 j=0 k=0
provides the coefficients of 1%, ¢, 1%, ¢3, - - -.

2ap + aS =0 t
3a3al +6a3 =0 1
3a2a(2) + 3aoa% + 12a4 =0 t

3a3a8 + 6arapa; + a? +20as =0
3a4a§ + 6azapa; + 3aoa% + 3a%a2 +30a =0
424" + 3a5a3 + 6aqapa; + 6azapay

+3a3a% + 3a1a§ =0

Solving the equations for calculating the coefficients a3, a3, as, - - -

and a; gives the following:

1 1,

ay = —EQS asz = —anal
1 s I, 9 4
ag = gao - Zalao as = I) 0a1 20
3 7 7 2 3
ag = ——ay + —ajaq
6= Tgp 0 T 40"
7 6 3 2.3
ar = —%aoal + anal

309

(4.366)

(4.367)

(4.368)

(4.369)
(4.370)
(4.371)

4.372)
(4.373)

(4.374)

in terms of ag

(4.375)

(4.376)

(4.377)

(4.378)
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el exact

=i

Fig. 4.7 Comparison of series solutions and exact solution of the nonlinear equation ¥ + x> = 0
forx (0)=1,x(0)=0

ag = lag — iagalz + iaoa? (4.379)
640 32 160
The initial condition determines aq and aj,
x(0)=ap=1 x0)=a; =0 (4.380)
and that makes the solution
vty ta 3oy Tos O oy (4.381)

2 8 80 640 19200

Figure 4.7 compares the series solution for different exponents of the series with
the exact solution of the differential equation. The series solution practically is not
good enough to approximate the solution far from the point + = 0 that the series
calculated about.

Adding a high damping to the system

i+i+x°=0 x(0=1 F0) =0 (4.382)

makes the solution to be:

1, 1 1 1 19 47
=l— P4+ - P 54—

* TR T T 7m0t T

173 ¢ 61 o 197

1303200 T 10368° 253600

+ - (4.383)

Figure 4.8 compares the series solutions for different terms of the series with the
exact solution of the differential equation.
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-1

Fig. 4.8 Comparison of series solutions and exact solution of the nonlinear equation ¥ +i+x3 = 0
forx (0)=1,x(0)=0

Example 148 A variable damping vibrating system.
The equation of motion of free vibration of a linear mass-damper-spring system
is

mx+cx+kx=0 (4.384)

Considering the special case of m = k = 1, and assuming a time hardening damper,
such that ¢ = ¢, makes the following system:

X+ti+x=0 (4.385)
x(0)=1 x@0)=0 (4.386)

Assume that we wish to have the series solution of the equation around ¢ = 0.
oo
x() =) at*  a=1 (4.387)
k=0

The derivatives of the power series solution are:

i)=Y kat' a=0 (4.388)
k=1

i) = Z k(k — 1) apt*=2 (4.389)
k=2

Substituting the series expansion of x (¢) into the differential equation,
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o0 0 o0
D kk—Dat*+1) k" Y art =0 (4.390)
k=2 k=1 k=0

we need to combine them into a single power series.

o0 [o,0] o0
Dk +2) k+ Daggat* + > kart* + ) ant* =0 (4.391)
k=0 k=1 k=0
o0
2ay+ ) " (k+2) (k+ 1) agpatt
k=1
o o
+ Z kagt® + ap + Zaktk =0 (4.392)
k=1 k=1
o0
a0 +2a2+ Y ((k+2) (k+ Dagar + k+ Dax*) =0 (4.393)
k=1
2ar+ag=0 k=0 (4.394)
k+2)k+Daggr+ G+ Dax =0 k> 1 (4.395)

Applying the initial conditions provided ap = 1 and a; = 0. Equation (4.394) gives
ap = —1/2 and the recursive equation (4.395) provides the other coefficients a;.
The resultant power series solution will be:

l2 t4 l6 18 l]O 4396
N HO .
x T8 a8 T3sa 3sa0 (4.396)

Figure 4.9 illustrates the graphical presentation of the exact and series solution for
different exponents.

Example 149 A third order nonlinear nonhomogeneous equation.
Consider a third order nonlinear nonhomogeneous equation

Y @)+ 3" )+ (Y (0) +y (x) = sinx (4.397)
yO=1 Yy©O®=1 Yy 0=1 (4.398)
that has a nonlinear term of y’ 2 and excitation sin x.

In differential equations language, a nonhomogeneous equation means an equa-
tion with an excitation term of the independent variable. Here, the term sin x makes
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2 7
/
r/
X £ ;
exact solution
1 .
\_‘h_‘_?._—_ ___,.-/
\\"—-——_____
0 =
] 3 1 4
!}' o
P P ——— series solution
|

-1

Fig. 4.9 Comparison of series solutions and exact solution of the hardening damping equation
X+tx+x=0forx(0)=1,%x0)=0

the equation nonhomogeneous. It is different than dimensional homogeneity in
dimensional analysis, indicating inconsistency in scientific terminology.

To derive a series solution for the equation, we substitute the unknown power
series for y and its derivatives

o0 o0 o0
y = Zakxk y = Zkakxkfl y = Zk (k — 1) agxk=2
k=0 k=1 k=2

Y=Y ktk—1) (k —2)arx*? (4.399)
k=3

as well as the power series expansion of the excitation function sinx all in the
equation.

: _ 1 3 1 5 1 7 1 9 1 11
smx—x—ax +§x —ﬂx +ax _l_llx (4.400)

The initial conditions show

1
ap=1 ar =1 ar = 3 (4.401)

and therefore,

3
0 =3+ 6as + 24as + 6az + 2)x + (60as + 12a4 + 5+ 6a3)x>

1
+(7az + 120ag + 20as + i 8aq)x>

+(9a3 + 9as + 10as + 30ag + 210a7)x* + - -- (4.402)
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4 . r
| ) .
r/ N ——— series solution
3 10
. / X 5
\ \ exact solution
0 T [
PN NG 1 ¢
— 1 4
3 \ o \
x X
=y \

Fig. 4.10 Comparison of series solutions and exact solution of the nonlinear third order equation
Y (x) +y (x) + (y’ (x))2 +y@)=sinxfory0) =1,y (0)=1,y"(0)=1

To determine the numerical values of ay, k > 3, we need to set the coefficients of
x*. k > 0to zero, one by one.

1
34+6az3 =0 az = —3 (4.403)
1
24a4 +6a3 +2 =0 as = e (4.404)
60as + 12 +3+6 0 ! (4.405)
a a - az = as = — .
5 4 ) 3 5 60
Therefore, the power series of the solution will be found.
1 1 1 1 1
1 1o Ty 1 a4 1.5 1o
Y=l g e T st
83 1 13
x4+ —x¥ 4+ o+ x4 (4.406)

5040 448 12960 16200

Figure 4.10 compares the series solutions up to the term x '© with the exact solution
of the differential equation.

Example 150 Legendre equation.
Legendre equation with a parameter « appears in physical problems with
spherical symmetry.

(1—x2)y”—2xy’+a(a+1)y=0 @>0 (4.407)

Solutions of the equation are called Legendre functions, which are special functions.
Comparing the Legendre equation with the general second-order equation
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YV'+HP@)Y+0@y=Rx) (4.408)
indicates that
—2x o(a+1)
Px)=— oOkx)=—— R(x) = (4.409)
(1—x2) (1—x2)
Both P (x) and Q (x) are analytic at x = 0.
Substituting the powers series solution
o0
y= Zakxk =a0+a1x+a2x2+a3x3 +--- (4.410)
k=0
o0
y = Zk ar ¥V = a; + 2arx + 3azx® + dagx> - - (4.411)
k=1
o0
y = Zk k — 1) apx*2 = 2a, + 6azx + 12a4x> + - - - (4.412)
k=2

in the equation,

o0 o0 o
(1 — x2) Zk (k — l)akxk_2 —2x Zkakxk_l +o(ax+1) Zakxk =0

k=2 k=1 k=0
(4.413)
and rewriting the result will be:
o oo
Dk +2) (k+ D arax’ =Y k(k— D ax*
k=0 k=2
o o
— Z 2kapx* + o (a+1) Zakxk =0 4.414)
k=1 k=0
Equating each coefficient of x* to zero gives us the following:
2a+a (@4 1)ap =0 k=0 (4.415)
6a3 —2a; +a(x+1)a; =0 k=1 (4.416)

(k+2) (k+ Dagsr —k (k— 1) ag
—dkap+oa(a+Dag=0 k>2 (4.417)
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From (4.415) and (4.416) we have:

oa(ax+1)
a=————"—a
2 ) 0
_2—a(a+1)
a3 = 6 a
and from (4.417) we get:
4 _k(k+1)—a(oz+1)a__(Ot—k)(oz+k+1)
T Tk ) k+ ) T T k) *k+ D)

Therefore, we are able to evaluate the coefficients of the solution (4.410).

. o(a+1) _ (a—1)(ax+2)
TR e e TR
(0 —2) (o +3) (0 =2 a(a+1)(a+3)
= — a) = ag
4x3 4!
(=3 (—D@+2)(«+4)
as = a
5!
-4 (—-2)a@+1)(e+3)(a+5)
ag = — aj

6!

(4.418)

(4.419)

(4.420)

(4.421)

(4.422)

(4.423)

(4.424)

The coefficients of the even powers of x are all multiples of ag, while the coefficients
of the odd powers of x are all multiples of a;. The parameters ag and a; are to be

calculated by initial conditions. The solution may be factored as

x
y= Zakxk =apyo (x) +aiyr (x)

k=0
where
1 ) 1 3
yo(x)zl_a(a2!+ )x2+(a )a(OiJ_ ) (a + )x4
@-4H@-Ja@+(@+3)(@+5) 4

(@—1D(@+2) 4
Tx
+(a_3)(a_1)5‘(a+2)(a+4)x5___.

yi(x) =x—

(4.425)

(4.426)

(4.427)
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The series yg (x) and y; (x) are linearly independent and are convergent for —1 <

x < 1 for non-integer «.

Example 151 Y Exact solution of the first-order equations.
The general form of the first-order ordinary differential equation is:

d
Q. )5 + P (xr.y) =0 (4.428)
To solve the equation, we rewrite it in expansion form:
P(x,y)dx+ Q(x,y)dy =0 (4.429)

This equation is exact if the left-hand side is an exact differential. The condition to

be exact differential is
P 0
P _ 30 (4.430)
ay ox

and that means there is a function ¢(x, y) such that the equation is exact differential
of ¢.

0 0
P (x.y)dx + Q(x, y)dy = —dx + —2dy =0 (4.431)
ax ay
0 ap
PLorwy  F=owy (4432)
ax ay
The solution of the exact differential would be:
p=C (4.433)

Equation (4.431) indicates that:

P 9 00
dy  dydx dx  9xdy

(4.434)

Assuming that the order of differentiation can be interchanged for a continued
function ¢ (x, y), then we have the condition (4.430).

aP 9
P _ 30 (4.435)
ay ax

If a first-order differential equation is an exact equation, the function ¢(x, y) will
be found by solving the two first-order partial differential equations (4.432). An
integral of P (x, y) gives us
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¢ = / P(x,y)dx+ f(y) (4.436)

which its y-derivative will be equal to the function Q (x, y).

a
5[P(x,y)dx + =0y (4.437)

ad
F0 =06y =3 [Py (4.438)
An y-integral of f” (y) yields:

fy) = / (Q — i / de) dy (4.439)
dy

The integrand must be a function only of y. Therefore the derivative of the integrand
with respect to x is 0.

B] 3 9 92
— Q——/de _22_ /de
ax ay ax 0x0dy

d 32
= —Q — /de
ax ayox
B P
_9e 9 _, (4.440)
ax ay

The consistency of these operation indicates that we will be able to determine ¢ by
starting from (4.436).

An example will show the method. Consider the following first-order ordinary
differential equation:

1
— 2 cosZdx + —cosZdy =0 (4.441)
X X X X
1
P= —12 cos L 0= —cosX—i-fiy2 (4.442)
X X X X

The integral (4.436)

<P=/P(x,y)dx+f(y)=/—%cos§dx+f()’)

= sin% +f ) (4.443)
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provides a function that its y-derivative must be equal to Q.

0 1
= (Sin X) + () = = cos 2 +3y? (4.444)
dy X X X
The f' (y) will be found
1 1
froy= 5 cos )ZC +3y% — ~ cos )XC = 3y? (4.445)

which provides us with the function f (y) by integration,
fm=y+cC (4.446)

and therefore the function ¢ will be found.

@ = sin Y + y3 +C (4.447)
X
Example 152 Coupled equations series solution.
Consider two first-order coupled differential equations

d

i=ax+by x:d—: x(0)=A (4.448)

) . dy

y=cx+dy y=E y(0) =B (4.449)
{a,b,c,d} € R (4.450)

To solve the equations in series, we substitute the power series expansions for x and
y7

o

x=Zaktk=ao+a]t~|—a2t2+a3t3+~- (4.451)
k=0
o

y =Y bit" =bo+bit +bot> + b3t> + - - (4.452)
k=0
x0)=ay=A y(0)=bp=B (4.453)

in the equations.

oo o8] o8]
S katt Tt =a ) att + b bt (4.454)
k=1 k=0 k=0
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o0 o0 0
Z kbpt* ! = ¢ Z apt* +d Z byt (4.455)
k=1 k=0 k=0

Rewriting the equations will make them ready to determine the coefficients of ¥,
k=1,2,3,---.

o0 o0 o0
Y k4 Dapatt —aY att —bY bt =0 (4.456)
k=0 k=0 k=0
o o0 o0
Z (k+ 1) bgp1t* — ¢ Zaktk —d Z bet* =0 (4.457)
k=0 k=0 k=0
Assuming
a=10 b=2 ¢=3 d=-4 (4.458)

the two series solutions will be

x = —2ag + a; — 10by + (—2a; — 10b; + 2ar)t
+(—2ay — 10by + 3a3)t* + (—2a3 — 10b3 + 4ay)t’
+(—2a4 — 10by + Sas)t* + - - (4.459)

y =4ayg — 3bo + bl + (4ay — 3b1 + 2by)t
+(day — 3by + 3b3)1> + (daz — 3bz + 4by)1>
+(das — 3bs + 5bs)t* + - - - (4.460)

Setting the coefficients of #° in the equations equal to zero provides two algebraic
equations to determine a; and by.

—2ag +a; — 10bg =0 (4.461)
4ag — 3bg + b1 =0
a1 = 2ag + 10bg b1 = —4ag + 3bg (4.462)
Similarly, setting the coefficients of 7, #2, 3, - - - in the equations equal to zero gives

us series of couple algebraic equations to determine (a», b2), (a3, b3), (as, bs), - - -.

{ —2a; — 10b1 +2a; =0 (4.463)

day —3b1 +2bp =0
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31
ay; = —18agy + 25bg by = —10ap — 7190

—2ay — 10by +3a3 =0
4ay — 3by +3b3 =0
136

293
az = —Ta() — 35b9 b3 = 14ap + ?bo

—2a3 — 10b3 +4a4 =0
day — 3b3 +4by =0
37 1675 335 13

aq 300 12 0 4 6a0 80

—2a4 — 10bg + 5a5 =0
4aqg — 3bs + 5b5 =0
583 709 709 13283

=y — = he — —
G="5a0m 0 =y T T,

0

—2as — 10bs + 6a¢ =0
4as — 3bs + 6bg = 0

7043 3955 791 68209

% =90 24 12 720

Therefore the power series solutions are:

ap + ——bo be = ———ao+ ———bo

321

(4.464)

(4.465)

(4.466)

(4.467)

(4.468)

(4.469)

(4.470)

(4.471)

(4.472)

136
x = ag + (2ag + 10bg) t + (—18ag + 25b¢) 2+ (—Tao — 35b()> 3

(3T, 1675, N, (83 09, )
30T T 5 0T

7043 3955 6 45239 91939 7
+ apg+ —>bo | t°+ | — ap + by )t +

90 24 630 504

31
y = bo + (—4ao + 3bo) t + (—1000 - Ebo) 2

293 335 13
14 py |3 “ag— —bo ) t*
+ < ap + 6 o> + ( 6 ap 3 0)

(4.473)
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709 13283 791 68209
+ <—a0 + b()) P+ <——a0 + —bo) 10

30 120 2 720
91930 91939\ -

_ _ . 4474

+< 1260 “° ~ 560 %>t'% (4474)

We may rearrange the solutions to be series coefficients of ag and bg.

136 37 583
X =ap (1+2t—18t2——t3+—t4+—t5+...>

3 3 15
1675 709
+bo (107 +25:2 =353 — — =4 — P — ... (4.475)
12 12
355 709
y = ap <—4t—10t2+14t3+?t4+§t5—--~)

31 293 18 13283
bol1+3t— - 2P - =4 4. 4.476
+ 0< + 3 6 3 + 120 + ( )

Assuming
x(0)=a =1 yO0)y=by=1 (4.477)

the solutions are

2415 509, 34515 87497
4 60 360
30971 5 375881 ¢ 25977829

x=1+12t+7t% -

; ; (4.478)
280 2880 181440
51, 209 . 1301 , 5373 « 20749
=1—t— =224 4 £ 16
Y 2 R T Ty
637729 , 1381033 o 8620039
— T 8 o4 ... (4.479)

5040 © 13440 | T 362830 "

and we may plot the answers in Fig.4.11 to compare the exact solution of the
coupled equations and their series solution up to ¢!, Figure 4.12 depicts the
response of the system in (x, y)-plane, comparing exact and series solution.

The general form of an autonomous system of two simultaneous first-order
coupled differential equations is

F=F@x,y) y=G(,y) (4.480)
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Fig. 4.11 Comparison of series solutions and exact solution of the coupled equations X = ax +by
andy=cx+dyforx(0)=1,y0) =1
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Fig. 4.12 The response of the system in (x, y)-plane, comparing exact and series solution

in which the independent variable t does not appear explicitly. The functions F and
G are assumed to be continuous with continuous partial derivatives in a domain
in the (x, y)-plane. The system of equations is always along with a given initial
condition values.

x(@)=x0  y(@) =y (4.481)

The equilibrium or critical points of the system of equations are the points in (x, y)-
plane at whichx =y = 0.

Fx,y)=0 G(x,y)=0 (4.482)

Assuming that the origin (0, 0) is a critical point, we may approximate the equations
in the neighborhood of the origin (0, 0),

X=ax+by+ F|(x,y) (4.483)
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y=cx+dy+Gi(x,y) (4.484)
where
oF (0,0 doF (0,0
a= # b= # (4.485)
ax ay
3G (0,0 dG (0,0
2600 9600 (4.486)
ax dy
and
ad —bc #0 (4.487)
If
F
lim L&Y g iy SLED (4.488)
r—0 r r—0 r

ro=/x2+y2 (4.489)

the system is called an almost linear system in the neighborhood of the critical
point. For an almost linear system, the functions Fi (x, y) and G (x, y) are small
compared to the linear terms ax 4+ by and cx +dy in the neighborhood of the critical
point and hence, the linear autonomous systems

X=ax+by y=cx+dy (4.490)

are good approximations around the critical point (0, 0) (Makarets and Reshetnyak
1995).

Example 153 Coupled equations combination.

Instead of solving a set of coupled equations in a set of power series, we may
combine the equations to make one single higher order equation and find a single
power series solution for the combined equation. All other original variables may
be calculated from the solution.

Consider the two first-order coupled differential equations that we solved in
Example 152.

d
X=ax+by )'C:E x(0)=1 (4.491)
) . dy
y=cx+dy y=E y0)=1 (4.492)
{a,b,c,d} e R (4.493)

We may calculate y from the first Eq. (4.506)
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=-—X— - 4.494
Y= 5% ( )
and substitute it in the second Eq. (4.507).

o e (4.495)
bx b.x—cx bx b.x .

Rearranging the new equation ends up with a second-order homogeneous linear
differential equation with constant coefficients.

X—(a+d)x+(ad—-bc)x =0 (4.496)
Assuming
a=10 b=2 c=3 d=-4 (4.497)
we have
X—6x—46x=0 (4.498)
x0)=1 x(0)=12 (4.499)

because the initial conditions x (0) = 1 and y (0) = 1 determine x (0).
x0)=ax©0)+by0)=104+2=12 (4.500)

Substituting a power series solution in the equation of motion (4.501),

x@ =Y ar*t xO=a=1 F0)=a =12 (4.501)
k=0

i) =Y kat*t ¥ @0) =) k(k—Dart? (4.502)
k=1 k=2

we will have:
0 =2ay — 118 + (—12as + 6a3 — 552)t + (—46as — 18a3 + 12a)t>
+(—46a3 — 24a4 + 20as)t> + (—46as — 30as + 30ag)t*

+(—46as5 — 36ag + 42a7)t° + - - - (4.503)

Equating the coefficients of t*. k = 1,2,3,--- to zero provides us with the
coefficients of the series solution.
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3247 5662
a, =59 a3 =210 a4 = —— as = ——
6 5
176597 306823 1916909
ag = a7 = ag = —— (4.504)
90 105 504
) 3 3247 , 5662
x =14 12t + 59+ + 210¢ +Tt +Tt
n 176597 64 306823 74 1916909t8
90 105 504
2773579 519991067
+ 0 104 ... (4.505)
630 113400
Example 154 “Analytic solution of two coupled equations.
A set of two first-order coupled linear differential equations are:
. . dx
X=ax+by x:E x0)=A (4.506)
. . dy
y=cx+dy yZZ y(0)=B8B (4.507)
{a,b,c,d} eR (4.508)

The equations have the origin (0, 0) as the only equilibrium point at which X = y =
0. Searching for a solution of exponential form with unknown exponent s,

x = Ae" y = Be'! (4.509)
we get

Ase’ = aAe’ + bBe! (4.510)

Bse® = cAe® + dBe'! (4.511)

and dividing them by e*" provides two algebraic equations for A and B.

(a—s)A+bB=0 (4.512)
cA+(d—s)B=0 (4.513)

Besides the trivial solution A = B = 0 associated to the equilibrium of the system,
we will have nontrivial solutions if the determinant of the coefficients is zero.

=0 (4.514)
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Expansion of the determinant gives us the quadratic characteristic equation to
determine s.

s>—(a+d)s+(ad —bc) =0 (4.515)

Assuming s and s; to be the roots of (4.515),

a+d
2

S1o = j:l\/(a+d)2—4(ad—bc) (4.516)
5 2 °

replacing s = s1 in (4.512) and (4.513) gives us a nontrivial solution A and Bj.

x =AM y = Bie!! (4.517)
Similarly, replacing s = s> in (4.512) and (4.513) gives us another nontrivial
solution A, and Bj.

x = Are’? y = Bye™ (4.518)

The two sets of solution must be linearly independent to be able to add them up
and make the general solutions of the equations. Depending on s; and s, three
conditions may happen.

1. Distinct real roots.

x = C1A1€’ + CrAze™ (4.519)
y = C1B1e*" + CrBye™! (4.520)

2. Distinct complex roots.
S1=u-+iv S) =u—iv (4.521)

x = e"" (C1 (A cosvt — Apsinvt) + Cy (A sinvt — As cos vt)) (4.522)
y = " (C1 (By cos vt — By sinvt) + C, (B sinvt — By cos vt)) (4.523)

3. Equal real roots.

S| =8 =S¢ (4.524)
x = C1Ae’ + Cr (A1 + Agt) €™ (4.525)
y = Ci1Be* + C, (B + Bat) e (4.526)

Example 155 Picard’s method, successive approximations.
A differential equation in the form



328 4 Functional Continued Fractions

y=fx y (x0) = yo (4.527)

can be reduced to the equivalent integral equation.
X
y(x) =0 +/ S,y ()dx (4.528)
X0

This equation may be replaced into itself to generate a recursive approximation
solution.

X
Yn+1 (X) = Yo +/ S, yn (X)) dx n=123,--- (4.529)
X0

The initial y; may be an arbitrarily chosen function such as yp = x or a number such
as yo = 1. This recursive approximation solution is called the Picard’s method.
As an example, let us solve the equation

Y=1+4y"  y@O)=2 (4.530)
Starting with
yi(x) =1 (4.531)
we derive y»
X
v (x) =2+ f (1 n 12) dx =2 +2x (4.532)
0

Substituting y, on the right-hand side and taking the integral will provide y3.

Y3(x)=2+/
0

The next step will give us y4 and ys.

X

2 2 4 3
<1+(2+2x) )dx =24 5x 427 + o (4.533)

* 2 2, 43
ya(x) =2+ <1+y3(x))dx=2+5x+10x +?x
0

34 88 16 16
42T %05 106, 1007

4.534
3 15 9 63 (4.534)

* 2 2 65 3
s (x) = 2+ <1+y4(x)>dx=2+5x+10x +
0

L6 282 5 3076 o 4313 ,
—X —X —X —X
3 5 45 63
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2341 34324 88192 128 608
+ x8 + 9 10 xll

) 945 © T 475t 17325
209 1, , 17408 13 256 4 256 s

4535
945 ° T 36855 T 3969" ' 59535 (4.535)

The Picard’s method gives the power series solution of the differential equation
quicker than the Taylor method.

Example 156 Airy equation.
The Airy differential equation

d2y

has been introduced and studied by George Airy (1801-1892) in his investigation on
optics. This equation has no elementary solution and its two independent solutions
Ai (x) and Bi (x) are expressed by power series (Goodwine 2011).

0 x3k
Ai() =1 + ag Z <G Gk—DGk-3)Ck—4)--(3) ) (4.537)
4 3k+l
Bit)=xt3+ Z < Gk+ 1) (k) Gk—2) Gk —3) - () (3) (4.538)
Then the solution of the Airy equation would be
y =ag Ai (x) + a1 Bi (x) (4.539)

To derive the Airy functions, we substitute an assumed power series solution into
the equation

Y@ =Y axt F ) =D kk— 1) gt (4.540)

and therefore

o o0
0= Zk (k — l)ak)ckf2 —X Zakxk
k=0

k=2

o0 o
= Zk (k— 1) agxF2 — Zakx"“ (4.541)

k=2

which after rearrangement of the indexes will be:
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o0 0
Dk +2) k+ Dagax =Y a1xt =0 (4.542)
k=0 k=1

It will be contracted as

o0
2a;+ Y ((k+2) (k+ Dagra —a1)x* =0 (4.543)
k=1

that shows

ak—1

et 4.544
(k+2)(k+1) (4399

a=0 ap42 =

The recursive equation indicates that the coefficients are related in three steps such
that ag determines as, or a; determines a;+3. Because of ay = 0 we will have

as=ag=aj =---=day3 =0 (4.545)
and
ao as ao
a3 = ——— ag = =
2)(3) BS)® 2)3)©)(©)
ag ao
- - 4.546
@ @O @B M®.EB)O9 ( )
Bk = 12)(3)(5)(6)... Gk —4) (3k — 3) Bk — 1) (3k) (4.547)
and
. aop 4 = as ay
‘T 3)@ T ©) () 3@ ©6) ()
ay al
- _ 4.548
@10 9)A0)  3)@) (6) (7)) (10) ( )
— 40
G = DO D GGk —GhGkED Y
and hence,

3k

ad X
= 1
’ "0( +,§<3k><sk—1>-~-<3)(2>>

> 3k

k=1
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There are several differential equations happening in science and engineering
where their power series solutions are introducing new functions that are not

expressible by elementary functions. Among them are:
Bessel equation

d*y | dy
2 2 2\, _
X E-FXE—F(X —da )y—O
Blasius equation

d? d

ay Y

dx3 dx

Chebyshev equation

Hermite equation

d%y dy
dx? dx

Legendre equation

d-y dy
2 —
<l—x> 5 — X +aa+1)y=0

4.3.2 Derivative Method

A general first-order differential equation with given initial condition
y=f@&y)
y (x0) = yo

may be solved in a Taylor series at a neighborhood of the point x = xy,

Y@ =y G0+ 00 =)+ 2 (x—xg)?
" (k)
+2 3(!)60) (x—x0) 4= ,;) ) kfxO) (x — xp)F

only by using the equation and its derivatives.

(4.551)

(4.552)

(4.553)

(4.554)

(4.555)

(4.556)
(4.557)

(4.558)
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Proof The first term of the series solution, y (xg), is the initial condition. The
coefficient of the second term will be calculated directly from the Eq. (4.556).

Y (x0) = f (x0, y (x0)) = f (x0. Yo) (4.559)

The coefficient of the third term will be calculated by taking derivative of the
Eq. (4.556).

y// _ of (x,y) + of (x, y)y/ (4.560)
ax ay
) , ) ,
V' (x0) = W + £ (x0, y0) W (4.561)

Similarly, subsequent derivatives of the Eq. (4.556) and evaluating them at x = xo
will provide the next coefficients of the series solution. This successive derivation
of the differential equation is also called regular expansion method (Polyanin and
Zaitsev 2002).

The derivative method may be similarly applied on second and higher order
differential equations. The general second-order differential equation with initial
conditions may be written as:

y' = f(x,y.)) (4.562)
y (x0) = Yo Y (x0) = yi (4.563)

The first term and the coefficients of the second term of the solution (4.558) are
calculated from the initial conditions y (xg) and y’ (xp). The coefficient of the third
term will be calculated by differential equation (4.562).

¥ (x0) = f (x0,y (x0), ¥ (x0)) = f (x0, Yo, ¥1) (4.564)

The coefficient of the fourth and higher terms will be calculated by differentiation
of differential equation (4.562).

w 0f (x0,y0,¥1)  9Of (x0, Y0, ¥1) af (xo, Y0, y1)
yo= + y &)+ —
dax ay dy

(x)

(4.565)
]

Example 157 First-order system free dynamics.
When there is no excitation function, the equation of motion of a first-order linear
dynamic system such as a damper-spring system will be

dx

= — 4.566
7 ( )

X+ax=0 X
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that its motion determined by its initial condition.
The series solution of the equation of motion is:

x:x(O)-i—)'c(O)l—i-)%?)tz-i-xs(!o)

A (4.568)

The first term of the series is the initial condition (4.567). The second term will be
determined by Eq. (4.566) itself.

¥ = —ax (4.569)
x (0) = —ax (0) = —axg (4.570)

The third term will be found by taking derivative of the differential equation (4.566).

¥ = —ax = a*x 4.571)

% (0) = —ax (0) = a’xo (4.572)

Similarly, the next terms will be found by taking another derivative and substituting
previous results.

X = —ak = —a’x (4.573)

¥ (0) = —ak (0) = —a’xg (4.574)

*® = —a¥ = a*x (4.575)

x®(0) = —aX (0) = a*x (4.576)

x® = —gxD = (—1)" a"x (4.577)
x™0) = —ax" D 0) = (=1)"a"xo (4.578)

Therefore, the series solution would be:

2 3 4

a“xo a’xo a’xo
X = xg — axot + t2— t3+ t3—---
2! 3! 4!

_ Dk gk
+( )axotn+
n!

(4.579)
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=x 1—at+a—2t2—£t3+£t4—--- (4.580)
0 2! 3! 41 '

Although it is not necessary, we may recognize that the series expansion is the power
series of exp (—at),

2 3 4 5
o o o o
U]t —1? - P 1 - — P 4 4.581
¢ R L YU T 381
and find the exact solution of the equation.
x=xpe ¥ (4.582)

The equations of motion of a dynamic system will be first order if the system can
store energy only in one form and one location. The natural motions of first-order
systems are either exponentially decreasing or increasing function of time and they
do not show vibrations.

Example 158 Second-order system free dynamics.
Unforced second-order differential equation is

Y

Vit p @)y +qy=0  y=-2 (4.583)
y(0) = yo y'(0) = yq (4.584)
The series solution of the equation around x = 0 would be:
()
y* ()
Y00 = T =k
k=0
+1y” 0) x* + ly”’ 0)x* + Ly<4> ) x*+ - (4.585)
2 6 24 '
Using Eq. (4.583), we may calculate y” (0),
YV'i==p@y —q)y (4.586)
y"(0) = —poyy — q0¥0 (4.587)
po=p(0) q0 = q (0) (4.588)

and therefore, the three terms solution is:

_ / 1 / 2
y(x)—yo+y0x+5(—poyo—qoyo)x +---
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The next term of the series solution will be found by differentiating Eq. (4.586).

n

YV'i==p @)y —px)y' —q¢g )y —qx)) (4.589)

—q'y—(¢+p)y —-pY" =(pa—4q)y— (q + p? +p’) y'

¥ (0) = —poyy — Poyy — 400 — 90¥
= —poYo — Po (—Poyy — 90¥0) — 44y0 — oYy

= (pogo — q4) yo + (pS - po— qo) N (4.590)

and the solution up to four term is:

— / 1 / 2
Y @) =yo+ypx + 3 (—poyo — qoyo) x* +

1

+2 ((poqo —q0) yo+ (pé —ph— qo) y()) B (459)

The fifth term of the series solution will be found by another derivative of
Eq. (4.589).
4 _ "’ I I " " ’7 /A "

=—PY =Py —PY —PY —qY—qy —q9Yy —qy

= (q’p - p*a+q* +2p'q - q”) y

y
3 / /" / /
+<p —-29"—p +2pq+3pp)y (4.592)

Y@ ) = (116190 — Po4o + 45 +2p0q0 — 40 ) Yo
+ (PS — 240 — Py +2poqo + 3170176) Y0 (4.593)

and the solution up to fifth term is:

1
@) =30+ 30X + 5 (—poyy — qoyo) x*

|
+2 ((poqo —q0) yo + (pé - po— qo) yé) X3

1
t51 ((%Po ~ Podo + 43 +2pdo — q()’) Y0
+ (PS — 290 — po + 2poqo + 3170196) y()) +oe (4.594)

This process may be continued up to any desired term of the solution.
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As an example let us solve a second-order dynamic system
F—x—1x=0 xO0)=1 x0)=2 (4.595)

around x = 0.

©
x(0) k
x(@) =Y ot (4.596)
k=0
_ . l 2 1 3 i (4) 4
—x0+xot+2x(0)t +6x(0)t +24x e +--- 4.597)

Employing Eq. (4.595), we determine the X (0) = X,
$(0) =x0+ (0)%2xg=x0=2 (4.598)
and find the solution up to three terms.
x(t)=xo+ffot+%xot2+"'=1+2f+t2+"' (4.599)

Taking a derivative of (4.595) provides X (0) = Xy, and the solution up to four
terms.

e od oy, 3} 5.
X_E<x+tx>_x+2tx+tx (4.600)
% (0) = X0+ 2 (0) x0 + (0)2 %9 = X9 = 2 (4.601)

. I, , 1,3
x(t)=x0+x0t+§xot +6x0t +---

2 1 3
=142t41¢ +§t + - (4.602)
The next term of the solution will be found by differentiation from (4.600).
@w_ 4
dt
x®(0) = X+ 2x0 + 4 (0) ko + (0)2 Fog =dg +2x0 =4 (4.604)

(55 426k + tz)'c) — ¥ 2 + 4tk + 2% (4.603)

1 1 1
X (8) = xo + ot + ior® + ot + —24x(()4)t4 Foo

2 13 14
R A (4.605)

3 6
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and this process may be continued to determine the other terms of the solution.

Example 159 Series solution for two-body problem.

Assume there are only two massive particles in the world that attract each other
by Newton gravitational force. The two-body problem is: what would be their
motion from a given set of initial conditions. Similarly we may define three and
more body problems (Szebehely 1967).

The n-body problem is made of the ordinary differential equations defining the
motion of n point masses m; with absolute positions X; and velocities X,-, in a
globally fixed coordinate frame G, interacting only through the mutual gravitational
attraction,

ijj=ZM(xi—X,) Lj=12-.n (4.606)

where the dots indicate time derivatives and G is the universal gravitational constant.
The n-body problem is an isolated energy conserved system and the mutual
gravitational forces have a potential and hence we can define the potential energy P.

Gm;m;
P=— Z f’xf] (4.607)

O<i<j<n |Xi
The kinetic energy K of the system

1< . 2
K=3 gm X | (4.608)

makes it also possible to use Lagrangian to derive the equations of motion (Milani
and Gronchi 2010).

d oL oL
— = (4.609)
dt aXl BXZ

L=K—P (4.610)

The solution of the problem of two bodies can be represented by a Taylor series.
Consider the two point masses m1 and m, shown in Fig. 4.13 that attract each other
by a Newtonian gravitational force. Their positions are indicated by vectors X; and
X5. The equations of motion of m and m, are:

. X —X» .. X; — X

Xi=-Gr—— 1= -Gl 4.611)
|X1 —X2| |X2 _Xl|

Gi=Gm; i=1.2 (4.612)

G =6.67259 x 107" m kg~ s72 (4.613)
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m;

X

o

Fig. 4.13 Two bodies in space with position vectors X (7) and X; () and the initial conditions of
X (1), X2 (t0), X1 (f0), and X (fp) at a given time fg

Y

The problem is to determine X (¢) and X5 (¢#) by having the initial conditions of
X, (1), X2 (t0), X (f9), and X (fo) at a given time fo. Subtracting Eq. (4.611), we
reduce the order of the problem and determine the fundamental equation of the two-
body problem in terms of the relative position vector x:

5&+M%:o x=X,—X, (4.614)
X

uw=G1+ Gy (4.615)

We search for a series solution for (4.614) in the form

2 3
) L=t o (=t
X(l)=X0+X0(t—to)+Xo( 0 +Xo( 0

. Tt (4.616)

Equation (4.614) is singular only at x = 0 and therefore, the series (4.616) converges
for all nonzero x. The first and second terms of the series are determined by the
initial conditions.

xo = X (f9) X0 = X (fp) 4.617)

The coefficient of the third term is calculated by the equation of motion (4.614).

X0

Xo =X (fo)) = —u 3 (4.618)
o

The fourth term requires the third derivative of x () from the equation of motion:
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3 _ 3
5<'=—M|X| (@x/ dt)bd’; (dIxl” /d1) (4.619)

We need to calculate the derivative d |x|> /dt,

dix? dx-x)*? 3 d(x- 3 d
X _d&x07 3 o2& 3 (X (4.620)
dt dt 2 dt 2 dt

to complete the third derivative d |x|* /dt to be expressible by initial conditions
(Szebehely and Mark 2004).

X Ldx (g %) X (4.621)
= — _ X — - .
P\ ix? @ dr ) IxP?
Att = tg we have
X0 .. Xp
Ko =X (10) = —pt | —5 — 3 (%0 %0) — 3 (4.622)
%ol X0l
The series solution for the first four terms would be:
. X0 (t —t9)?
) = t—10) — pp—i ————
X (f) =Xo + Xo (t — 10) o 2
X0 . x0 \ (t—10)°
—u ——3(x0-x0)—>—+-~- (4.623)
(|X0|3 x>/ 3!

To determine the series (4.616) to any number of terms, we may take another

approach and show that the coefficients X(()n) can be determined to any desired

number of n (Battin 1999). Defining a new scalar variable

g=2L (4.624)

T
we may rewrite Eq. (4.614) as
X1 +ex=0 (4.625)
Knowing the time derivative of the absolute value of a vector,

LAW. (4.626)

we find the time derivative of (4.624):
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b= 3T F = 322~ 3 (4.627)
x| x|
3= % (4.628)
x|

This equation introduces a new variable A that we must be able to determine its
derivative in the next steps of the solution. The time derivative of A introduces
another variable :

. . .. .2 . .
_X-X+X X (X - X) =x X—8—2k2
|x|* Ix[* Ix|?
=y —¢e—2)7 (4.629)

However the time derivative of i is only a function of only &, A, and ¥, closing the
loop of variable and proving that we are able to calculate derivatives of the series
solution to any desired order.

PSS
x| Ix|*

— e+ (4.630)

EHED) oy

The variables &, A, and i are called fundamental invariants. This method of
solution and the fundamental invariants have been introduced by Lagrange. They
are invariants because they are independent of the coordinate system and form a
closed set of time derivatives (Batting 1999, Jazar 2011).

g=-3ch =y —e-222 Y=-2%E+Y) (4.631)

Equation (4.631) guarantees the existence of coefficients of the series solu-
tion (4.616). The first eight derivatives of x are

dx _ . dx PX_ s x— s (4.632)
— =X — = —€X — = JEAX — €X .
dt dr? de3
d4
d_tff _ (—158,\2 + 3y — 252) X + 6eA% (4.633)
d3x

ax 3 2
= (105& 4560 + 30¢ X)x

+ (—458x2 9y — 882) X (4.634)
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% —¢ ()\2 (—945x2 — 4206 + 630¢) F 665y — 2262 — 451/;2) x
teh (420/\2 + 1508 — 1801//) x (4.635)
% . (xz (1039512 + 63008 — 94501/,)) x
teh (—22688w + 75682 + 1575¢2) x
te (AZ (—4725x2 — 25206 + 3150w)) %
+e (+396sw — 17262 — 2251p2) X (4.636)
‘%‘ —¢ (,\2 (—135135/\4 115592522y — 1039505)2)) X

te (xz (—2016052 4 604808y — 425251/;2)) X

+e (W (1575 — 3618¢) + &% (2628y — 5848)) X

ter (62370/\4 4 44100622 — 56700&0) X

ten (—158768¢ + 945092 + 655282> x (4.637)

Substituting the derivatives of x into the series solution (4.616) and rearranging
yields

X (1) = P ()X (t0) + Q (1) %o (t0) = [ (%o, %o, 1) (4.638)
where
PO=) PG—1)) Q=) 0it—1) (4.639)
i=0 i=0

The Lagrangian coefficients P and Q are power series of ¢, A, and . The first six
terms of P and Q are

Py=1 P =0 P,=——¢ P3; = —¢ggho (4.640)
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Py = %0 §80)»0 + §80¢0 (4.641)
Ps = —gpho + 5€0A — s€0r0V g (4.642)
4 8 8
Po = — e+ )
6= 73600 1201/’0 g
21
+(——¢r0 3 Owo xo)so (4.643)
1
Q=0 O01=1  02=0 Q3=-ce (4.644)
0 —1ex Os = 182 3ex2+3ew (4.645)
4T R0 3T TR0 T gt T gptoo '
2 7 3 1
Q6 = 5/24¢ph0 + (EAO - Zkolﬂo)SO (4.646)

The series solution of the two-body problem was developed by Lagrange (1736—
1813). Although this series theoretically converges for all ¢, it will only provide a
suitable approximate solution for a very short time interval. The key point to solve
the two-body problem in power series is the ability to reduce the two equations of
motion to one equation.

Example 160 ¥ Series solution for three-body problem.

The basic definition of the problem of three bodies is: three point masses
gravitationally attract each other; for a given set of initial conditions, find the
resulting motion. It is an old problem, logically follows from the two-body problem.
The two-body problem has been introduced and solved by Newton himself (Newton
1687). Newton has been asked about three-body as well as the solar system, a
ten-body problem. Newton spent the last 30 years of his life on the three-body
problem, hoping to solve the motion of the Moon under the gravitational influence
of the Earth and the Sun, without success. The three-body problem has been a
challenging problem since. Many giant scientists worked on the problem with
several interesting special case solutions, mostly on restricted three-body problem.
Euler defined a simplified problem of three bodies in which two massive bodies,
called the primeters, are turning on circular orbits about their mutual mass center.
A third body will be in the orbital plane of the two primaries and cannot affect
their motions. The study of the possible motions of the third body is the restricted
three-body problem (Whittaker 1965).

Reduction the two-body problem from two equations into one equation by
considering the relative position of the two bodies was a key point helping Lagrange
to develop his series solution of the two-body problem (Lagrange 1811). Such a
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X3

Fig. 4.14 Position vectors for three-body problem

reduction of the order of the problem is not possible for the three-body problem and
as a result, the equations of the motions in the general form were not proper for
series solution expansion. Roger Broucke (1932-2005) presented the equations of
the three bodies in a symmetrical expression using relative position vectors (Broucke
1979; Hestenes 1999). Jazar (2011) employed the Broucke’s new defined equations
to develop a series solution.

Three point masses m 1, my, and m3 are shown in Fig. 4.14. Their position vectors
X1, X», and X3 are respect to their mass center C. The mass center is assumed to
be fixed or moving with a constant speed at a constant direction. The masses attract
each other by the Newtonian gravitational force. If the space is assumed Euclidean
and there is no other mass in space, the equations of motion of m, m;, and m3 are:

; X; - X X, - X
K| = — Gy 32 _ Gyl 33
1Xo1] 1X31]
. X, - X X, - X
X=-G3 o 3 -G (4.647)
X3z 1X12]
. X; — X X; - X
X = —G 3 31_G2 3 32
1X13] 1X23]
where
X, =X; - X (4.648)
Gi=Gm; G=6.67259x 10" m3kg™'s7? (4.649)

Using the mass center as the origin of coordinate frame implies

Gi1X1+GXo+G3X3=0 (4.650)
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The equations of motion of three bodies have their most symmetric form when
expressed in terms of relative position vectors Xp, X2, X3:

X1 = X3 — X2
Xy = X] — X3 (4.651)
X3 = X2 — X]

Using the relative position vectors, the kinematic constraint (4.647) reduces to
X|+X+x3=0 (4.652)
and the absolute position vectors in terms of the relative positions will be

le = m3Xp — mpXj3
mXy = mX3 — ms3X| (4.653)

mX3 = mpX| —miXxp
where
m=mji + my + mj (4.654)

Substituting (4.653) in (4.647), we get symmetric form of the equations of motion:

. X1 X1 X2 X3
X] =—-Gm 3+Gl< 3+ 3+ 3)
Ix1| X117 [x2l”  Ix3]
iz——cm£+ez< I . ) (4.655)
Ix2|? X Il I
. X X X X
X3 =—-—Gm 33+G3< ]3+ 23+ 33>
Ix3] xil”  Ix2” X3

We are interested in a series solution for Eq. (4.655) in the form

. L =) 1)’
X; (1) = X, +X;, (t — 1) + X, T + X, 3 4+ ... (4.656)

Xj, = X; (10) Xi, = X; (10) i=1,273 (4.657)

Let us define u = Gm and ¢;

nw=Gm (4.658)
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1 1 1
£ = &) = —— &3 =
Ix; |3 X2 Ix3]3

to rewrite Eq. (4.655).

X| = —pe1xX) + G (e1X) + £2X2 + £3X3)
X2 = —puerxy + G (e1X1 + €2X2 + £3X3)
X3 = —uesxs + Gz (e1X] + €2X2 + £3X3)

Also let us define the following three sets of parameters a;jk, bijk, Cijk-

X1 - X1 1 X1 - X1 X1 X1
ajy = =lan= ajz =
x| Ix2|? Ix3]?
X1 - X2 X1 -X2 X1 -X2
app) = aiyp = ajpz =
x| Ix2|? Ix3]?
X| -+ X3 X| - X3 X] * X3
apiz) = aizn = ajz =
x| Ix2|? Ix3]?
X7 - X2 X2 - X2 X2 - Xp
an) = 5 a0 = 5 =lax = 3
1] X2 x3]
u X2-X3a X2 + X3 a X2 - X3
231 = 232 = 233 =
x| x2|? |x3]?
a3 = o2 B ap =2 =1
x| x2|? |x3]?
X - X| X - X| X - X]
bin = 5 biio = > bz = 5
1] %2 %3]
X]-Xz )'(1-X2 )'(1'X2
b1 = 5 bz = 5 biz = 3
1] X2 | 3]
X1 - X3 X1 - X3 X - X3
bizi = —— binn = 5 bizz = ——
Ix1] X2 X3
X2 - X| X2 - X| X - X|
byt = —— b= —— buz = 5
IX1] X2 X3
).(2-X2 5{2-X2 )'(2-X2
by = —— by = 5~ b3 = 5
1] %2 %3]
b231_X2-X3 ; Xz-X3 3_)'(2~X3
x| Ix2|? |x3)?

345

(4.659)

(4.660)

(4.661)

(4.662)

(4.663)

(4.664)
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b311

b33

b33i

€221

€231

€33]

221

€231

€331 =

— ba12

b3xn

— b3z

-5 (222

X2 - X2

Ix;|?
X7 - X3
Ix; |2
X3 - X3

x|

€232

€332

€222

€232

€332 =

5(3 * X1
|x2|*
X3 - X2

Ix2|?
X3 - X3
2

Ix2|
X7 - Xp
2

Ix2|
X - X3

|x2|?
X3 - X3

|x2|?

X2 - X2

Ix2|?
X7 - X3
|x2|?
X3 - X3

Ix2|?

The time derivatives of the &; are

&1 = —=3b11161

b313

b323

b333

€223 =

€233 =

€333 =

€223 =

€233 =

€333 =

&y = —3byner

4 Functional Continued Fractions

f(3~X1

2
|x3]
X3 - X

x5/
X3 - X3
2

[x3]
X7 - Xp
2

X3
X5 - X3
2

X3
X3 - X3

x5/

X2 - X2

x5/
%o - s
2

X3
X3 - X3

x5/

&3 = —3b333¢63

and the time derivatives of the a; jx, b;jx, and c; ji are:

ang =

ansz =

0

—2b333a113 + 2b113

app) =

ap =

ainz =

aiz) =

a1z =

a3z =

arnz = —2bxpaiz + 2bi12

—2b111a121 + b121 + bani

—2byxnain + bi2a + baia

—2b333a123 + b123 + b213

—2b111a131 + b131 + b3
—2bymaiza + bizz + b3z
—2b33za133 + b13z + b3i3

(4.665)

(4.666)

(4.667)

(4.668)

(4.669)

(4.670)
(4.671)

(4.672)
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bin
b1z

b113

bi21

b1

b1z =

bi31
b1z

b133

bo1i
ba12

b33

a1 = —2b111a21 + 2b2 axp =0

a3 = —2b333a233 + 2b223 (4.673)
ax31 = —2b111a231 + baz1 + b3z
a3 = —2bxnarzy + bz + baxn (4.674)
az33 = —2b333a233 + b33 + b323

azz1 = —2b111a331 + 2b331

azz = —2bxazsy + 2bzxn az3 =0 (4.675)

—2b}y; + c111 — ner + G (81 + e2a211 + €3a311)

—2bypbi12 + c112 — peranz + Gy (e1a112 + 2a212 + €3a312)
—2b333b113 + c113 — pHELa113

+G1 (e1a113 + g2a213 + €3a313) (4.676)

—2b111b121 + c121 — perainy + Gi (1a121 + €2a221 + €3a321)
—2boob122 + c122 — perarnn + Gy (1a122 + €2 + £3a322)
—2b333b123 4 c123 — HE1a123

+G1 (e1a123 + €2a003 + €3a323) (4.677)

= —2b111b131 + c131 — peraizt + Gy (e1a131 + &2a231 + €3a331)

—2byoob132 + c132 — peraiz + G (e1a132 + €2a232 + £3a332)
—2b333b133 4 €133 — [L€1a133

+G1 (10133 + €2a233 + €3) (4.678)

—2b111b211 + 211 — pezaz11 + Ga (81 + £2a211 + €3a311)
—2bybr12 + 212 — perazi2 + Ga (e1a112 + &2a212 + €3a312)
—2b333b213 + 213 — nE2a213

+G2 (g1a113 + g2a213 + €3a313) (4.679)
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b1
12%5)

b3

ba31
%)

b33

b311
b312

b313

b321
b3xn

b33

b331
b3z

b333

4 Functional Continued Fractions

= —2b111bxn1 + c221 — pezang + Ga (s1a121 + €2a221 + £3a321)
= —2b%22 + c222 — ney + Go (e1a122 + €2 + €3a322)
= —2b333b223 + 223 — H€2a223

+G2 (e1a123 + €2a223 + €3a323) (4.680)

= —2b111b231 + c231 — péra31 + Ga (e1a131 + €2a231 + €3a331)
= —2byxnbyzr + c232 — péranszn + Ga (1a132 + €2a232 + €3a332)
= —2b333b233 + €233 — 20233
+G3 (e1a133 + £2a233 + €3) (4.681)

= —2b111b311 + c311 — pezasir + Gs (61 + g2a211 + €3a311)
= —2by0b312 + c312 — pezasiz + Gs (e1a112 + 20212 + €3a312)
= —2b333b313 + 313 — nezaziz

+G3 (e1a113 + e2a213 + €3a313) (4.682)

= —2b111b321 + c321 — pezazn + G (g1a121 + €2a221 + €3a321)
= —2by0b32 + 322 — nezasn + G3 (e1a1n + &2 + €3a322)
= —2b333b323 + 323 — pne3az3

+G3 (e1a123 + €2a203 + €3a323) (4.683)

= —2bi111b331 + ¢331 — pnezazsz + Gz (e1a131 + €2a231 + €3a331)
= —2by2b332 + ¢332 — pesasz + Gz (s1a132 + €2a232 + £3a332)
= —2b333b333 + 333 — e3
+G3 (s1a133 + £2a233 + €3) (4.684)

¢111 = —2briiciin — 2perbinn + 2G1 (e1b111 + €2b121 + €3b131)

C112 = —2bnciiz — 2pe1biiz + 2G1 (e1b112 + €2b122 + €3b132)

¢113 = —2b333c113 — 2pue1biz

+2G1 (e1b113 + €2b123 + €3b133) (4.685)
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¢121 = —2biniciar — w(e1binn + €2b121) + G (e1b211 + €2b221 + €3b231)
+G2 (e1b111 + €2b121 + €3b131)

C122 = —2byaci22 — o (e1b212 + £2b122) + G (81b212 + €2b222 + £3D232)
+G2 (e1b112 + &2b122 + €3b132)

C123 = —2bazzcioz — p(e1b213 + €2b123) + G1 (610213 + €2b223 + €3b233)

+G2 (e1b113 + €2b123 + €3D133) (4.686)

¢131 = —2binicizr — w(e1ban + €3b131) + G (e1b311 + €2b321 + €3b331)
+G3 (e1b111 + €2b121 + €3b131)

€132 = —2bynciza — u(e1b312 + €3b132) + G1 (61b312 + €2b322 + €3D332)
+G3 (e1b112 + €2b122 + €3b132)

€133 = —2bazzc133 — (610313 + €3b133) + G1 (61b313 + €2b323 + €3D333)
+G3 (e1b113 + &2b123 + €3b133) (4.687)

¢201 = —2b111¢221 — 2e2b221 + 2G2 (e1b211 + €2b221 + €3b231)

€220 = —2b222¢222 — 2€2b222 + 2G2 (e1b212 + €2b222 + €3b232)
€223 = —2b3330223 — 2e2b223
+2G2 (e1b213 + €2b223 + €3b233) (4.688)

€231 = —2bi11c231 — p(e1b321 + €2b231) + G2 (e1b311 + €2b321 + €3b331)
+G3 (e1b211 + £2b221 + €3b231)

€232 = —2bpncazy — w(e1b3nn + €2b232) + G2 (e1b312 + €2b322 + €3b332)
+G3 (e1b212 + e2b220 + €3b232)

€233 = —2b333c233 — (810323 + €2b233) + G2 (610313 + €2b323 + £3b333)
+G3 (e1b213 + €2b203 + €3b233) (4.689)

€331 = —2b1110331 — 2u€3b331 + 2G3 (e1b311 + €2b321 + £3b331)

€330 = —2by0c330 — 2puesbszn +2G3 (e1b312 + €2b322 + €3b332)
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€333 = —2b3330333 — 21e3b333
+2G3 (e1b313 + €2b323 + €3b333) (4.690)

We have defined 84 fundamental parameters and showed that their time derivatives
are independent of the selected coordinate system, making a closed set under the
operation of time differentiation. Therefore, employing (4.658)—(4.690) we are able
to find the coefficients of series (4.656) to develop the solution for the three-body
problem. The first four coefficients of the series are given below:

dx; a’x; 3

d_tl =X 721 = —pneix; + G; jz_:lejxj (4.691)

d3x; 3

dT; = pe; Bbixi —%i) — Gi y_ & (3bj;jx; — %) (4.692)
j=1

d*x: 3

74[ = —3ubiiiei Bbiiixi —Xi) + peiZi — Gi Z S; (4.693)

j=1

where

3
Zi = |:3biii5(i + 3x; (—Zb,g,»i + ciii — neiaiii + Gi ZSkakii)
k=1

3
+ueiki — G; Zskxk:| (4.694)
k=1

Sj = —3bjjjef (3bjijX; —%;) Z; (4.695)

4.4 Continued Fractions Solution of Differential Equations

The main purpose of our introduction to continued fraction is to be able to express
solution of differential equations in continued fractions for better convergence when
a closed form solution does not exist. In this section we will investigate possible
differential equations by continued fractions. Generally speaking, there is no method
to be applied to all differential equations to derive their solutions in continued
fractions. We will study this topic employing two methods. Firstly, there are many
differential equations whose solution can directly be derived by continued fractions.
Secondly, we will study how we can build a continued fractions solution using the
series solutions.
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4.4.1 Second-Order Linear Differential Equations

The second-order linear equations are the most important class of differential
equations in science and engineering that express dynamic behavior of many
systems. Consider the general second-order linear differential equation in the form

y=Po(x)y + Qo(x)y’ (4.696)
4y
y = Ux (4.697)

where Py (x) and Qg (x) are assumed infinitely differentiable functions of x. The
solution of the equation can expressed by continued fractions.

y=CexpF (x) (4.698)

F'(x) = f (x) (4.699)
_pgp 20 9 O

fx)=P+ Pt Pot Pot (4.700)

Pyt (x)+Q y (x)

P = 4.701
n (%) 11— P,:_l @) ( )
On—1(x)
= = 4.702
01 () = =50 (4.702)
Proof Let us differentiate the equation and rearrange it to a similar form:
Y =Prx)y + 01(x)y” (4.703)
where
P + O
P (x) = M (4.704)
1 — Py (x)
Qo (x)
= — 4.705
01 = T (4.705)
Py(x) #1 (4.706)

We proceed and find the general equation.

y(n) =P, (x) y("+]) + 0, (%) y("+2) 4.707)
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Ppy (x)+ Q_y (x)

Py (x) =

1—P _ (x)
Q (x) = Qn—l (x)
" 1—- P (x)
Pl ) #1
Therefore,
0
= =hk+ —,Q ,,
y Y'/y
/
1
y_// = Pl + //Q "
y Y'/y
N o B
y(n+1) - on y(n+1)/y(n+2)

and we find the continued fraction solution.

1=P+Qo 01 O» On
/ 0 P+ P+ P3+ y D /y(nt+2)

If

f 0 P+ P+ P3+

is convergent, then the solution of the equation is found.

y=CexpF (x)
F'(x) = f (x)

Example 161 A second-order differential equation.
Consider the second-order differential equation

Yitay —y=0
which may be rewritten as

y — ayl + y//

(4.708)

(4.709)

(4.710)

4.711)

(4.712)

(4.713)

4.714)

(4.715)

(4.716)
4.717)

(4.718)

(4.719)
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and then by differentiation we have:

y =ay"+y" (4.720)

YO = gyt 4 42 (4.721)

By dividing each equation by its derivative we get

Y gy L 4722
v Ty (*-722)
/
|
% =at (4.723)
y(n) 1

S = 9T S ey (@.724)

Substituting backward will make a continued fractions (Lorentzen and Waadeland
2008).

y 111 1 1 4725
VTN ax ax ax Yo e ()

Cutting the last term suggests to approximate the equation to:

g ——— (4.726)

The associated number to the continued fraction is A,

1 |
A—mat 1 Beat— 4727
S “atp (@.727)
2 4 _ 2 4 4 3
p=atvate 2“+ a2 ‘f - 2+ a (4.728)
o

It suggests that

2 3
— Va4 +4
%: A=2 jaz — a (4.729)

and therefore,
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y 1 4q% -2 4730)
Yy A a—Va+4+4ad .
Hence the solution of the differential equation is:
c (1> c ( 4a” 2 ) 4.731)
y=Cexp|— ) =Cexp .
A a—~a*+4+4a3

Example 162 A parametric linear equation.

Let us derive the solution of the parametric equation

y = (a+bx)y +cxy’ (4.732)

in continued fractions. A differential equation is called parametric if its coefficients
are functions of the independent variable. In this case, the coefficients of y" and y”
are functions of x. Successive differentiation of the equation

Yy = (a1 +bix)y" +cixy”

(4.733)
' = (a2 + bax) y" + coxy® (4.734)
and rearrangement makes a recursive equation
v = (@, + byx) y'D 4 cpxy™tP n=1,2,3, - (4.735)
where
a+nc b c
= b, = = =1,2,3,---
an 1 —nb " 1—nb e 1 —nc "
(4.736)
The recursive equation (4.735) may be written in a new form
(m)
y _ cnx (ap + bpx)
N (@n +bn) + YD) [y 0t2) (4.737)

to generate a continued fractions for y™ /y®+D,

y® — (an 4 by) + cnx (ap + bpx) cpe1x (@1 + byy1x)
y+D e (@n+1 + bpy1x) +

(an+2 + bug2x) +
(4.738)
Assuming
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J(x) = (an + bpx) +

(@n+1 + bpr1x)+  (@ni2 + bpyox) +

the solution of the differential equation will be found.
y=CexpF (x) F'(x) = f(x)
As an example let us consider the parametric equation

y=0+x)y +xy”
a=1 b:l c=1

Therefore,

24n ) 24n

CnX (an +bpx) Cny1X (@nt1 +bpp1x)

1
y™ 14 n4x (d—n?" (2—n)2x(x+)
y("'H): 1—n +

D+ kD
34+n
ﬁX(X‘Fl)
xB3—n
4_n(x+1)+
and for n = 0 we have
1 1
Yy 1+ x 242 Ex(x—i—l) §x(x+1)
r 1 1 1
O R R XCa
1 1
f() 1+x+ 2)(?2 5X(x+1) gx(X‘i‘l)
X) =
1 1 1
LR R R R TR

y:Cexpff(x)dx

Example 163 Fundamental differential equation.
Consider the fundamental differential equation in y and x,

355

(4.739)

(4.740)

(4.741)
(4.742)

(4.743)

(4.744)

(4.745)

(4.746)

(4.747)
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(ot—i—o/xk)xy’—i— (ﬂ —i—,B’xk)y—i-yyz — Sxk

y(©0)=0
y=2
dx

that has the solution in the form of continued fractions.
B sxk (ke + B) (ka/ + B') + y8) x*

ka + B+ 2ka + B+

(kzaoz’ —kaB +ka'B + )/8) xk

ko + B+
((nka + B) (nka’ + B') + y8) x*
2nka + B+
(nzkzaa’ — nka ' + nkao'B + y§) xk
2n+ D) ka + g+

y

In general, we assume

lim y = ug
|x|~>0y

and substitute y with y; such that

T 14y

y

to obtain a differential equation in y; and x. Now assume

lim 1 =Ui
\x|a0y

and substitute y; with y, such that

T4y

V1

(4.748)
(4.749)

(4.750)

(4.751)

(4.752)

(4.753)

(4.754)

(4.755)

and repeat the process and eventually we arrive at the solution (4.751). The problem

of this method is that in general we may not be able to find u.
Consider a differential equation in the form

(¢ +ax)xy +(B+Bx)y+ yy? = 8x
y(©0)=0

(4.756)
(4.757)
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and let us change the variable y with

ox

YTt B+

The equation will be transformed to:

(¢ +o'x)xy + (@+B— (& +B)x)y1 + 7
= ((@+B) (@ +B)+yd)x

By repeating this process, we find the following continued fraction:

YT At B 2a + B+ 3a + B+
((not +B) (not’ + /3’) + y8) x
B 2na + B+

(n*ao’ —nap +na'B + y8)x
@n+Da+ B+

Therefore, the differential equation (4.748) has the solution (4.751).

Example 164 A Lagrange fundamental differential equation.
Consider the equation

d
(1+x)y'=¢y y(0)=0 V=gz
x

and let us substitute y with

X
1+z

y=1+
to find the new differential equation.

I+0)x +(1-1-@x)z+z2=(1—9)y
z(0)=0

This is a particular case of (4.748), in which

k:a:a/:ﬂ:y:l
B=-(U-¢) s=1-9¢

and therefore, from the solution (4.751) we have:

357

(4.758)

(4.759)

sx  (@+B) (@ +pB)+yd)x (e —ap +d'B+yd)x

(4.760)

(4.761)

(4.762)

(4.763)
(4.764)

(4.765)
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Y= (tap =4 LD 29

1+ 24 3+ 2+
(mn—gp)x (n+9)x
4.766
2+ 2n4 1+ ¢ )
or in another form
I+0-1 _ x d-@x(1+9xQ2-9g)x
@ 1+ 2+ 3+ 2+
L —px(nte)x @.767)
2+ 2n4 1+
This is an expansion of the polynomial function y = (1 + x)? into continued

fractions (Lyusternik and Yanupolskii 1965).
As an example, we may use x = 1, ¢ = 1/3 and derive the continued fractions
expansion for ~/2,

1 2 45 -1 3n+l
%21 - - .= -7 . 4.768
T3 orr T 2 3+ (4.768)

with the following convergents:

n_, n

4 pp 5 py 53
q0 q 3

> B2 (4.769)
@ 4 g 42

Employing Stolz’s theorem (3.179), we may also find other form of continued
fractions for y = (1 + x)?.

20x 1— 2 )C2 4 — 2 x2
PR VNS SR SR Uil L et )
241 —-@)x—3Q2+x)—5Q2+x)—
— 2} 12
(n—¢%)x (4.770)
Cn+1)2+x)—
Example 165 Logarithmic function as a continued fractions.
As we know,
1 ?—1
11%& —In(l +x) “.771)
o—

then continued fractions (4.767)

(I+x)?—-1 _ x (I-@)x I+9)x C—9)x
0 1+ 2+ 3+ 2+
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L m—g)x mto)x
2+ 2n 4+ 1+

4.772)
will be
In(l+x)=-"-———"“""“"... -~ ... 4.773)

These continued fractions are convergent on the complex plane as well as the real
axis from x = —oo to x = —1. As an example of its application, let us assume
x = 2, then we have:

m2e —— = " (4.774)
14243+ 2+ 5+ 242+ 1+

Example 166 Exponential function, y = e*.
A continued fraction of exponential function y = e*,

PATE S B . L (4.775)

can be found by replacing x with x /¢ in (4.766) to have

l—p 14+¢ 2—9¢

X 1) X X X X
1+=) =1+-——2 2 9

0 1+ 2+ 3+ 2+

2—|—g0x n—(pxn+(px

$ _..._¢ L ... (4.776)
5+ 24+ 2n+ 1+
and move ¢ to co.
2 \?
lim (1 + —) =e* 4.777)
@—>00 ©

Using (3.133) and (3.134), the exponential function in continued fraction is:

2x  x? 2 x2

Yo T 4778
L SR T, W, Wy M (4.778)

Example 167 Prima’s function in continued fractions.
The function

o
y = /r“—le—fdt a>0 x>0 (4.779)

X
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is called the Prima’s function. The function

o0
y=x!" ex/t‘“] e 'dt a>0 x>0

X

satisfies the differential equation
xy—(Ql—-a—-x)y=—x

By substituting

the differential equation takes the form
P+ (1 —-—1—a)pu=~1—-a)t u0)=0
This is a particular case of (4.748) for

a=0 k=ad'=B8=y=1
d=1-a B=—(1-a)

We then find the solution to be:

_ (1—a)tL(2—a)tmn_t(n+1—a)tm

1+ 1+ 1+ 1 1+

or in the original notation as:

y:/'ta_le_tdt:x“e_xl—a 12-a

x+ 1+ x+ I+

nn+l—a
x+ 1+
as well as
o0
y:/t“_le_’dtz x%e™* 1—a 212 —a)
x+1l—a—x+3—a—x+5—a—

x+2n+1—a—

(4.780)

(4.781)

(4.782)

(4.783)

(4.784)

(4.785)

(4.786)

(4.787)
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Example 168 ¥ Riccati equation.
Riccati equation

_ b2: n
dx—i—u cx

is a special case of the general case
d
2 —ay +by? = cx"
dx

by substituting

= =

Riccati equation in general is of the form

Z—i =fo) + fi®y+ L)y
The Riccati equation (4.788) is solvable for n = 2a. Substituting
y=x%
we find

dv
= 4 bx? = ex®
X

a+1
X
d

and after dividing by x2¢ we have:

d
xlf‘l—v +bv? = cx"”
dx

2a

If n = 2a, then the equation will be simplified (Boole 1877).

d
x17“£ +hl=c

Separation of variables

dv _ dx
c—bv?  xl-a

gives the exact solution

361

(4.788)

(4.789)

(4.790)

(4.791)

(4.792)

(4.793)

(4.794)

(4.795)

(4.796)
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1T [vtefm)  xe
—/—In|———| =—+C 4.797)
2V be /1 a

v—~¢C be

If we restore v to y/x%, then Eq. (4.796) becomes an exact differential equation,

x4dy — ayx®ldx
by? — cx2a

/—bhoxd
y = /_%xa tan (c — —Cx) (4.799)
a

The general equation (4.789) is integrable whenever (n £ 2a) / (2n) is a positive
integer. The equation is reducible to Riccati equation (4.788) if the positive integer
condition is fulfilled. Let us define a new variable y;

+x4ldx =0 (4.798)

with the solution

xﬂ
y=A+ 5 (4.800)
1

with a constant A to be determined. On substitution and arrangement, we have

X" x2n xn+1 dyl
—aA+bA’+ (n—a+2bA)—+b R — =cx" (4.801)
v i y;y dx
If we set
—aA+bA*=0 (4.802)
then
a
A= A A=0 (4.803)
When A = £, we have
X" x2n xn+1 dy1
nt+a) —+b———F5——= cx" (4.804)
Y i y; dx

Multiplying by yl2 /x™ and simplifying make the equation of the general form (4.789)
between y and x. The coefficients b and ¢ changed their places and a become a + n.
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d
x% —(@+n)y1 +cy} = bx" (4.805)
X

The transformation has been of the form
n

y=245 (4.806)
by

Now we may have another transformation

a+n x"
V1 = + — (4.807)
b 2
to find a new equation
d
x% — (@ +2n) ys + by} = ex” (4.808)
x

The coefficients b and ¢ changed their places again and a + n become a + 2n.
Another k successive transformations of the same series will transform the given
equation either to the form

d
x% — (@ +kn) yg + by} = cx” (4.809)
X
or
dyk 2 n
xd——(a—i—kn)yk—i—cyk = bx (4.810)
X

based on k to be odd or even. Looking back at the transformations we have

n

a X
y=-4— (4.811)
b
at+n x"
yi = + — (4.812)
b »
a+2n x"
V= + — (4.813)
b y3
and finally
a+kn x"
e Vi+1
where e = b or ¢, according to k to be odd or even; and the effect of these

transformations is to reduce the given equation to one or the other forms of (4.809)
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and (4.810). If in the expression for y, we substitute y; in terms of y, and again, for
vy with in terms of y3 and so on, we find a continued fraction solution.

a x"

(4.815)

b +a+2n x"
+
b a+3n+
b

The last denominator will be w + ’;—Z

depending on k to be even or odd.

where e will be equal to b or c,

4.4.2 Series Solution Transformation

There is no classical method to derive the solution of every differential equation
in continued fractions. However, we may find the power series solution of the
differential equation and transform the power series into continued fractions.

If the power series expression of the solution of a differential equation is in the
form

f @) =ao+anx+anx®+ax® +--- (4.816)

then it will be transformed to the following continued fractions:

ajp aX azXx — asx

f@= 1+ ajo+ ax+ az + - (4.817)
Ank = An-2k+1 Gn—1,0 — n—2,0 An—1 k+1 (4.818)
n=1,273,--- k=0,1,2,3,--- (4.819)
aoo = 1 aox = 0 (4.820)

If the solution of a differential equation is expressed as the ratio of two power
series of the form

£ ) by + bix + byx? + b3x> + - - -
X) =
a0+a1x+a2x2+a3x3+~-~

(4.821)

then, that will be transformed to the following continued fractions.

f(x) = aip azox aspx asox (4.822)

apo+ aio+ axo+ az +---

Qnk = Ap—2 k+1 An—1,0 — An—2,0 An—1,k+1 (4.823)
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n=0,1,2,3,--- k=0,1,2,3,--- (4.824)

Proof Let us assume the power series solution of a differential equation is found as:
f (%) =bo+bix + bax* + byx® 4 - (4.825)

Let us flip the polynomial and rewrite it to find the first term of the continued
fractions and a polynomial fraction in the denominator.

1
bo  bo+bix 4 bax? +b3x3>+--- by
b
- - ; (4.826)
| _xco+c1x+czx +c3x” 4+ -
bo + b1x + box?% + b3x3 + - -
co = b c1=bp cr = b3 ck = br1 (4.827)

We flip the new fraction in the denominator again and find another term of the
continued fractions and a new polynomial.

bo
f&x)= I
1—x 5 3
b_o+ by + bix + byx~ + b3x” + - -- _@
o co+c1x+62x2+63x3+-~- co
b
_ 0 = (4.828)
I—x 2 3
b _xd0+d1x+d2x +d3x” +---
O ot et + -
dy = boc1 — bico di = bocr — bocy
dy = bocz — bsco dy = bock+1 — br+1c0 (4.829)

The next step of the process will provide another term of the continued fractions and
a new polynomial fraction.

bo
f&x) = coX
1
1
co co+c1x+02x2+C3x3+~- Co
do d0+d1x+d2x2+d3x3+~-~ do

byg — x
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ao

= box (4.830)
- CoX
bo — 2 3
do+dix +dox” +d3x” +---
co— X ) 3
co+cix +cepx=+ce3x” + -
dy = boc1 — bico di = bycy — bacy
dy = bocs — bscg di = bock+1 — br+1c0 (4.831)
Continuing the process will generate the associated continued fractions.
b d
£l =208 F (4.832)
1— bp— co— -
Renaming the coefficients as
b0+b1x+b2x2+-~- =a10+a11x+a12x2+~-~ (4.833)
co+cix + cz)c2 + .- =ay tayx+ a22x2 + .- (4.834)
d0+d1x+d2x2+-~- :a30+a31x+a32x2+~-~ (4.835)
we will have
£y = 10 B20% B30T 0T (4.836)
14+ a0+ azo+ azo +---
Ank = An—2,k+1 An—1,0 — An—2,0 n—1,k+1 (4.837)
n=123--- k=0,1,2,3,--- (4.838)
ap) = 1 aok = 0 (4.839)

To prove (4.822), let us have a function f (x) expressed by a fraction of
polynomials.

_ bo+bix +byx? 4+ b3x 4 -
Cag+ax +axx?Fazxd 4.

Sfx) (4.840)

We rewrite the fraction to find

1
ap | ao+aix +ax’+azx’+---  ap
by bo+bix 4+ byx? +b3x3 4+ by

f(x) =
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bo
co+c1x+c‘2x2~|—63x3+-~-
b
bo + b1x + byx? + b3x3 + - -+

ao +

co = a1b0 — aob1 cl1 = azbo — a0b2

¢ = azby — apb3 ¢k = ak+1bo — aobr41
The new fraction in the denominator will be flipped again.

bo

f ) = .

ap+x

by

bo +bo+b1x+b2x2+b3x3+---
co  cot+ecx+exttezxd -

coxX

ap +
0 do + dix + dapx?® 4+ d3x> + - -
bo + x

co+cix+cax2+c3x3+---

dy = bico — bocy di = bacy — byca

dy = bzco — bocz dr = bry1co — bocrt1

Therefore the associated continued fractions become:

by cox dox

bo
co

f(X):ao_+bo_+co+---

It is better to rename the coefficients
a0+a1x+a2x2+~~~:aoo+a01x+a02x2+-~-
bo+ bix +bax® + - =ajg+ayx +apx’ +---
co+erx +eax’ 4o =ag + anx +anxt + -
do+ dix + dpx® + -+ = a3 + azx + anx’ + -

to have the continued fractions and recursive formula for the coefficients.

aijp axpX aspx - a4ox
ago+ aio+ ax+ azo+---

fx) =

Ank = Ap—2 k+1 An—1,0 — AGn—-2,0 An—1,k+1
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(4.841)

(4.842)

(4.843)

(4.844)

(4.845)

(4.846)
(4.847)
(4.848)
(4.849)

(4.850)

(4.851)
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n=01,23--- k=0123,- (4.852)

To be able to computerize the process, let us begin with a power series again

f(x) =a0+611x+a2x2+a3x3+... (4853)
and rewrite it as
a a
Jo(x) =ao+arx <1+—2x+—3x2+...>
ai ai
+ (4.854)
= qg - - .
L+ fi(x)
where
ar as 2 -1
fi(x) = <l+—x+—x +> 1
aj ai
= bix +byx> +byx> + - -
by by , ) bix
=b1x<1—|——x+—x o)== —= (4.855)
by b 1+ f2(x)
dk
be= g (iO+D (4.856)

The polynomial in f; (x) begins with 1 and therefore, the inverse of the polynomial
will be another polynomial beginning with 1 to cancel out the last —1. The function
f1 (x) will introduce another function f> (x) in denominator that we will treat it
similarly to derive a function f3 (x).

by by 5 !
L@=(14+—x+"x"+--- -1
by by

=clx+C2x2+C3x3+-~-

) 3 4 c1x
— 1 + = + —_ + P = — 4.857
C”( o e ) 1+ f3(x) *4857)
dk
k= EW (LO)+ 1) (4.858)

-1
C C
1 C1

=d1x+d2x2+d3x3+-~-
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d2 d3 2 > dl-x
=dix(1+ x4+ 2520 )= —7 4.859
! ( di” ' d 1+ f4(x) (4859
=2 o+ (4.860)
KT kraxk 3 '

Similar process on f3 (x) will make another term of the continued fractions as well
as introducing next function f4 (x).

dz d3 2 !
Ja (x) ( +d1x+d1x +

=elx+ezx2+e3x3+~-~

—ex<l+—x+—x+ )—L (4.861)
- e el 1+ f5(x) '
1 d*
=T (fs(O)+1) (4.862)

Repeating this method will provide the continued fractions up to the desired term.

alrx
fo(x) =ao + lblx (4.863)

1+

c1X
dix
erx
14---

I+
1+

1+

Example 169 Free dynamics of a first-order system.
The equation of motion of a first-order linear dynamic system such as a damper-
spring system is

Fdax=0 i=22 x(0)=ux (4.864)

The series solution of the equation of motion is:

2 3 k k
-1
v —angr g N0 @0 DM,
21 31 nl
1 t+a2t “3t+“44 (4.865)
=X —at+ —t°— — .
0 2! ETRT

If we may recognize that:

e = —0[[+Et—§l +Et S't

S (4.866)
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then, the exact solution of the equation is:

x=xpe ¥ (4.867)
Defining the series solution
2 3 4 5
a” o, a3 Oy 5
=1l—-oat+ —t°"— —t —t = —t 4.868
x at + 5 3 + a0 50 + ( )
as
f (@0 =aw+ant +ant® +at® + at* + - - (4.869)
with
o? o?
=1 =— = — =—— 4.870
aio ap a an = aps 3 ( )
ket O[k'H
= (-1 —_— 4.871
ayp = (=1 *E D) ( )
apgp = 1 apr =0 4.872)
and employing recursive equation
Ank = An-2k+1 Gn—1,0 — n—2,0 An—1 k+1 (4.873)
n=12,3--- k=0,1,2,3,--- (4.874)

we calculate the coefficients of the continued fractions (4.817). The continued
fraction only needs the coefficients a;o. We already have agpg = 1, and ajg = 1.
To calculate a;o we will need some of the a; 1, ;. The results would be:

azo = doi1dio — dopodl] =«

B Ot2 B Ol4 B Ol7 B Ol12
Bo=77 do=Trn B0ETrg 0= 9950
Ol20 0533
_ e - 4875
970 = 54883200 % T 6019743744000 (4.875)

Figure 4.15 compares the exact solution of the differential equation with series and
continued fractions solutions for xo = 1 and o« = 1.

Example 170 Overdamped nonlinear spring system.

A vibrating system needs two main elements, inertia m that stores kinetic energy
K = mx?/2, and stiffness k that stores potential energy P = kx2/2. The system
may also have a damping element ¢ that wastes energy [ cx dx, and excitation
f (x, x, t) that force the system to follow a given command (Jazar 2013).
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152 T I
Series solution , x+ax=10
x LOfF—— f ]
x(0)=1
0.8 ( )
a=l|
0‘6 - ] + ! ] + . g ] ‘
0.4 \ / ‘
02 T i . i g
/ Continued fraction
U L
2 4 6 t Exact solution |
-02 :

Fig. 4.15 The exact, series, and continued fractions solutions of X +ax = Oforxg = landa = 1

mix +cx +kx=f(x,x,1) (4.876)
Such a system is a linear vibrating system. In case the excitation is zero or a constant,
then there would be an equilibrium x = f/k that the system will approach as long
aswehavem > 0,c > 0,k > 0.

The damping and stiffness may be nonlinear and dependent on x, or x, or be
time variant. The solution of these cases is more interesting and more complicated.
Consider the nonlinear vibrating system

X 425 +0.2x° = 0.02 x(0)=1 x0)=1 4.877)
which has m = 1, ¢ = 2, k = 0.2x2, f(x,x,t) = 0.02, and an equilibrium
at x = /0.02/0.2 = 0.46416. The equilibrium positions are the solutions of
the resultant algebraic equation after assuming all derivatives to be zero in the
differential equation. The power series solution of Eq. (4.877) is:

109 , 47 5 1853 , 1201 5 167017
x=141t——t"+ 21" — t t t
100 75 6000 7500 2250000
672073 45793 22531823
+ i+ 8 — 0 (4.878)
31500000 14400000 2268000000
Defining the series solution as
f () =a+ant +ant® +aizt® + aar + - (4.879)
and accepting
app =1 apk =0 (4.880)

we use the equation
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[S%]

] : : :
¥ / Series solution
|

1.5 ‘
1 /ﬂ\-ﬁ_ﬁq‘__ i Con.ffmred‘:ﬁ‘ac‘.-.ffon 7

x+2x+0.2x° =0.02° —— |
| x(0)=1 Numerical solution |
x(0)=1

0 l 1
0 1 2 3 4 ¢ 5 6 7

Fig. 4.16 The numerical, series, and continued fractions solutions of X + 2x + 0.2x3 = 0.02 for
x0)=1x0)=1

Ank = An—2 k+1 An—1,0 — An—2,0 An—1,k+1 (4.881)
n=1,23-  k=01,23,- (4.882)

to calculate the coefficients of the continued fraction.

ayp axof azot  aqo!
1) = — 4.883
F I+ ajo+ axo+az+--- ( )

We have agp = 1, and aj9 = 1, then we calculate a;; to use ;¢ in the solution. The
results are:

: 1 1 209

a = a = a = — a = ——

00 10 20 30 100
16843 25544 5345992399

as = —z——  a50 = — a60 = oo
30000 140625 270000000000
209554138270769611

a =

70 = 60750000000000000000

7087308691698341368429554431

- (4.884)
89701171875000000000000000000000

aso

Figure 4.16 compares the numerical solution of the differential equation with series
and continued fractions solutions.

Example 171 Derivative check.

In general there is no direct formula to take derivative and integral of a continued
fractions as simple as derivative and integral of power series. To compare a
continued fraction with its derivative, let us expand y = Y 7o, ax® and y =
Yo,y kaxx*~1 into continued fractions and compare them employing the rule of
derivative.
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o

y = Zakxk =ag+a1x + a2x2 + a3x3 + .- (4.885)
k=0
o o

Y =Y kaxt Y =Y k= Dagx*? (4.886)
k=1 k=2

As a practical example, let us work with

y=ao+ax + a2x2 + a3x3 + a3x4 + a3x5 (4.887)
v = ai + 2arx + 3azx? + dazx> + 5azx* (4.888)

Defining the y = y (x) as
y=ajo+anx+ a12x2 + a13x3 + a14x4 + a3x5 (4.889)
and accepting
apo =1 aor =0 k=0,1,2,--- (4.890)
we use the recursive equation

Qnk = Ap—2 k41 An—1,0 — An—2,0 An—1 k+1 (4.891)
n=1,23- k=012 (4.892)

to calculate the coefficients of the continued fraction.

ajp axx dasx - d4ox

x) = (4.893)
¥ I+ aio+ azo+azo +---
Having ago = 1, a0; = 0,i = 2,3,---, and ajo = 1, we calculate a;; to use a;o in
the solution. The results are:
apo =1 ajp=1 ax) = —aj
azp = apa — a% as) = —ao (a% — a1a3) (4.894)
asp = —a§a1a2a4 + a%am% + aoa%a4 — 2aoa%a2a3 + aoala;
1 —aix (apaz — a?) x —a a? — ajaz) x
Y (@) =—— ( 1) (o] s ) (4.895)
I+ 1+ —ai+ apaz —ajy + - --

Following the same procedure for
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y =ai + 2arx + 3a3x2 + 4613)63 + 5a3x4

= a0 +anx +apx® + aizx’ + ajax’ (4.896)
we have
ago = 1 ajp = ai ax) = —2ay
azo = 3ajaz — 4a§ aq0 = 8ajarays — 9a1a§ (4.897)
asy = —3Oa%a2a3a5 + 32a%aza£ + 4Oa1aga5
—96a1a§a3a4 + 54a1a2a§
-2 3ajay — 4a?) x (8ajaras — 9aia?) x
T (3araz —4a3) x (8ajazas 1a3) (4.898)

I+ a1+ —2ax+ 3aia;z —4a%+~-~

Therefore, the continued fraction

’ _ ai
y(x) = g (4.899)
1+ 3
(3a1a3 — 4a2) X
a; + 3
(8a1a2a4 — 9a1a3) X
—2a + 5
3ayaz —4a5 + - -
is derivative of the following continued fraction:
1
y(x) = —aix (4.900)
1+ 5
(aoaz - al) X
1+ 3
—ap (a2 — a1a3) X
—aj + 3
apay —ajy +---

4.5 Chapter Summary

Speed and domain of convergence of continued fractions approximation of functions
are much better than power series expansions. Hence it is of practical interest to go
from a power series to a continued fraction. Assuming the power series of a function
is given

fo=r+ L0 L0 SO

SE (4.901)

= ago + ao1x + apx® + apzx® + - -- (4.902)
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we can determine the continued fractions expression of the function f (x) as:

aplx

J (x) =aoo + anx (4.903)
I+ ajlx
1 + a3zl x
1+ 14 asnx
14+---
where
1 d*
Ank = 0% (fu O+1 (4.904)
fox) =apo + —2%__ (4.905)
I+ fi(x)
anlXx
)= ——2~ (4.906)
fn 1+ fn+1 (x)

The continued fraction of a power series will be expressed in one of the following
forms:
aix arx aszx ayx

f &) =bo bi+ byt by+ b+ (907

or

by cix cyx c3x CkX

foy=2 2t 28 SR

= S, 4.908
1+ di+ do+ 3+ di+ ( )

Euler introduces another expression to relate summation series and continued
fraction interaction. We can verify that:

ap +ai +aiay +araxaz + - - - +ajazaz - - - ay

aj an as dn
LY 4.909
T ¥l Yot l+at+  1+a, (4-909)

Now having the continued summation series expansion of a function as
f=cteatatateat - +oat-- (4.910)

we are able to determine ao, ay, az, az, - - - .

Cc2 c3
ag = co a; = ¢y a = — a3 = ——
aj ayay

cq Ck
as = ap = —— “4.911)
ajaxas ajaxas - - - ag—
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Consider the general second-order linear differential equation in the form

y=Py(x)y + Qo(x)y’ (4.912)
4 (4.913)
. dx '

where Py (x) and Qg (x) are assumed infinitely differentiate functions of x. Its
solution can be expressed by continued fractions.

y=CexpF (x) 4.914)
F ' (x) = f (x) 4.915)
_ Qo Q1 Or
fx)= P+ Pt Pot Pot (4.916)
P (040, ()
Py (x) = 1— P,;_l x) “4.917)

There is no classical method to derive the solution of every differential equation
in continued fraction. The best way is to find the Taylor series solution of the
differential equation and transform the power series into continued fraction. The
polynomial series expression of the solution of a differential equation

f ) =ayp+anx 4+ apx* +apx® +--- (4.918)

will be transformed to the following continued fraction:

aio axpx azpXx  a4ox

A 1+ ajo+ ax+ azo + - - - (4.919)
Qnk = Q-2 k+1 An—1,0 — Ap—2,0 An—1,k+1 (4.920)
n=1,2,3,--- k=0,1,2,3,--- 4.921)
ap = 1 age = 0 (4.922)

In the transformation we will be working with polynomial fractions of the form

_b0+b1x+b2x2+b3x3+~-~

= 4.923
f ) ap + a1x + axx? +azx3 + - - ( )
that will be transformed to the following continued fraction:
f) = aio axoXx azpx — a4ox 4.924)
apo+ a0+ axo+azo + - - -
Ank = Gn—2k+1 An—1,0 — An—2,0 An—1,k+1 (4.925)
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n=01,23--- k=0123,- (4.926)

The following method can be computerized. Let us begin with a power series in
the form

f(x)=ao+ax +ax* +azx* + - - (4.927)
and rewrite it as

ay as 2
fo(X)=ao+a1x<1+—x+—x —|—>
aq ai

apx

= — 492
R o ($.928)

where

-1
a a
fl(x)=<l+—2x+—3x2+~-~> —1
ai ay
= bix + byx? + b3x + - -

by b3 > bix
(142 B 2 by 4.929
”( b1 b I+ £ @ (4929)

1 dk
by = I (f1(0)+1) (4.930)

The function f; (x) will introduce another function f> (x) in denominator that we
will treat it similarly to derive a function f3 (x), and then fj (x), etc.

b b -
£ (x) <1+—2x+—3x2+---> —1

b by

=01x+C2x2+C3x3+-~-

2 C3 o c1x
_ T B SN D L 4.931
Clx( Clx Clx ) 1+ f3(x) ( )
_1d (200 +1) (4.932)
* = T dxk V2 '

-1
fs(X)=<1+z—2x+c—3x2+---> -1
1

C1

=d1x+d2x2+d3x3+---
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do d3 5 dix
=d 14+ 22 = o) =
1x( +d1x+d1x +

dk
di = 0 ek (f30)+1)

dy dy 5 !
fa (x) ( —l—d]x—i-d]x +
— 2 3
=e1x+ex " +e3x +---
e e3 5 elx
=ex|1+—x+—x"+ | =—7F7—
( ey ey ) I+ f5 (x)

dk
= Tk (fa@+1

Repeating this method will generate the continued fractions.
arx

fo(x) =ap + bix
1+

c1X
dlx

erx

14---

I+
1+
1+

o+ fa(x)

(4.933)

(4.934)

(4.935)

(4.936)

(4.937)
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4.6 Key Symbols

(k)

SIIINSTARTTQQ
S

r/q

D/ k
Pr/Qp

Semiaxes of tire print area A

Coefficients

Constant derivatives

Coefficients

Recurrence coefficients of hypergeometric function
Coefficients

Airy functions

Constant point of expansion

= limy_s o0 % limit of a continued fraction
Constant coefficients

Constant of integral

Jacobi elliptic function

Jacobi elliptic function

Eccentricity

2.718281828459 - - -

Mechanical energy

Constant of motion

Complete elliptic integrals of the second kind
Elliptic integral of the second kind

Elliptic integral of the second kind
Function

Elliptic integral of the first kind

Elliptic integral of the first kind

Function

Gravitational acceleration

= 6.67259 x 10~ m3 kg~! s=2 gravitational constant
= Gm,-

Imaginary unit, i> = —1

Integer counter, integer exponent

Kinetic energy

Complete elliptic integrals of the first kind
Length

Function

Lagrangian

Mass

Dummy index

Exponent for shape and stress distribution of A p
Momentum

Fraction

Numerator of a convergent

Convergent of a continued fraction
Convergent of a continued fraction
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XTTTNTT
©
Y

=
~

Mxﬁm
3

<
(4
5y

3

o =
e
IS

D ® ™R
< V = &
OY

< 9 € >

I(k, n)
I(x, k, n)
(e, k, n)

4 Functional Continued Fractions

Point

Arc length

Perimeter

Algebraic polynomial series
Potential energy

Function

Function coefficient
Denominator of a convergent
Geometric tire radius

Inverse derivative in Thiele’s continued fraction formula
Remainder

Reduce of convergence
Eigenvalue

Jacobi elliptic function

Time

Variable

Period

Trigonometric polynomials series
Imaginary variables

Coordinate axes

Relative positions vectors
Absolute positions vectors
Functions

Constant exponent

Indicator of the degree of approximation
=u/|xP

Angular variable

=G+ G2

= (x-%) /[x?

Function of two variables
3.14159265359 - - -

= &%)/ x=

Complete elliptic integrals of the third kind

Elliptic integral of the third kind
Elliptic integral of the third kind
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Exercises

1. Logarithm function.
Find the series expansion of the following functions:

y =log, x (4.938)
You may use these rules:
d 1 ! (4.939)
— log, x = .
dx " Xnb
x(nx —1)
1 dx = —— ~ 4.940
/ 0gp X dx b ( )
2. Power series of tan x from sin x/ cos x.
Having
my= X X, P ¥ 4.941
Slnx-i—y—’—g—?ﬁ— ( )
2 4 6
X X X
derive
t ESS I S (I (4.943)
an = _— _— —— P .
TEATITSY Tt
(a) by calculating sinx/cos x.
(b) by assuming
tanx = ag + a1 x + a2x2 + a3x3 + .- (4.944)

and calculating sinx = tan x cos x.
3. Power series of elementary functions.

(a) Show that the following power series are correct.

n
@t+x'=3" (z ) xkank (4.945)
k=1
1 o0
=l —x4xr -4 = Z(—l)k_lkxk_l (4.946)
a-+x =1
1 o0
ek 1= 2 +322 —dxd o = Y (DR (4947)

k=1
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X 1x1 1x1x3
v =1+=— x2 .. 4.948
=t T axaxe” (4.948)
1 X 1x3 1x3x%x5
=1- 2 4 4.949
Ja+x 2+2><4 2><4x6 + ( )

(b) Prove the equation

Z xk (4.950)

N2
(a+x) =1

and determine the radius of convergence of the series.

4. Substitution of series into another series.
Knowing that

2 3 4 5 6
Y Y Y Y Y
In(1 =y - = = ... 4.951
n+yy=y-S+5-T+5 ¢+ ( )
3 5 7
X  x x X
ny — — — 2 2 . 4.952
sin x 03 + 5 7 + ( )
derive the power series expansion of y = In (1 + sin x).
.X'2 x3 .X'4 XS )C6
In(14sinx) =x — — 4+ — —— 4
ndsiny =x- ot e Tt s
61x”  17x%
= _ = (4.953)
5040 2520
5. Hyperbolic trigonometric functions.
Knowing
2 3 4 P
a a a
* = — X4 4.954
+ax+2x+3x+4x+5 + ( )

determine the power series expansion of the following functions:
sinhx = (ex — e_x) (4.955)

coshx = = (" +¢7) (4.956)

N = N =

6. Operations on power series.

(a) Prove the division equation of two power series is:
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- 1 k
EIC M (4.957)
a

where

n

1
cj=bj— o Cj—kak (4.958)

k=1

(b) Show the multiplication of power series equation.

o o0 o0
D @y bk =) ext (4.959)
k=0 k=0 k=0
j
cj=Y abjy (4.960)
k=1

(c) Prove the equation of an exponent of power series is:

00 n 00
(Z akxk> => axt (4.961)
k=0 k=0

where
co = ajl (4.962)
1 Jj
ci=— (kn—j+k agci_y > 1 (4.963)
bi Jao kX:; J J J

(d) Show the substitution of one series into another is:

o0
y=Y axt (4.964)
k=1
o0 o0
Z beyk = Z crx® (4.965)
k=1 k=1
where
c1 = a1b ¢ =arb) + a%bz

3 = azby + 2a1a2by + aibs (4.966)
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— 2 2 4
cq4 = agby + a2b2 + 2aya3zby + 3a1a2b3 + a1b4

7. Exponential function to continued fractions.
Show the following power series and derive the associated continued fractions.

()

o0 xk
S — J—
=Y ! (4.967)
k=0
(b)
o0 k
(xIna)
X _
at =y . (4.968)
k=0
()
2 0 ' x2k
e =) (=D o (4.969)
k=0
(d)
2 3 4
e o Iy
e e (1 +x+ o 3l 2 4.970)
(e)
2 4 6
cosx X 4x _ 31x
®
sinx _ 1 x2 3x* 8x°  3x% 567 497
T T T T A
8. Series and continued fractions equivalence.
Is it possible to have
ao+arx +apx? 4. = 20 AT DL (4.973)

T+ 1+ 1+

9. Expansion of a function into continued fraction.
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(b)

(©)
(d)

385

Show that the function

[ d
y = / 0 +t;k) (4.974)
0

satisfies the differential equation

—_—

' = 4.975
Y =T ( )
then use the change of variable
X
= 4.976
Y I+z ( )
and show that the new differential equation would be:
(14 ) 5z + (14 4) 242 = x* 4.977)

Show that the equation is a particular case of (4.748), in which k can be any
number and
a=ad =B=y=58=1 (4.978)
B =—1 4.979)

then show that the following continued fraction, obtained by Lagrange, is
the results of the integral.

X

/ d x  xFKxE k1)t
(L+25) I+ k+142k+ 14+ 3k+ 1+

n2k2xk (nk + 1)% xk

(4.980)
2nk + 1+ 2Cn+ Dk + 1+

Show when k = 1, the expansion becomes the expansion for In (1 + x),
and when k = 2, it becomes the expansion for arctan x.

Show this expansion satisfies the conditions of Stolz’s theorem and then
substituting x”"*! for x in the integral (4.974), and setting k (m + 1) = s
to find the new continued fractions as below.
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Mdr XML (m o 1) a8 s2xS
A+t m4l+s+14+m+2s+1+m+
0

n2s2x’ (ns +1+m)*x* 498D
2ns+14+m+QCn+1)s+ 145+
10. Expansion of tan x and tanh x as continued fractions.
The function y = tan x satisfies the differential equation of the form
Y=1+y*  y(0)=0 (4.982)
(a) Use
X
= 4.983
y I+z ( )
and change the equation to:
x7 +z7+4+72=—x2 (4.984)
and show that it is a particular case of (4.748) for:
a/:ﬁ/:() a:ﬂ:y:l
§=-1 k=2 (4.985)
Then you find the Lambert expansion for tan x.
t x 2 < (4.986)
anxy = ——— oo —m .. .
1-3-5- 2n+1)—
(b) Substitute x with x/i, where i2 = —1, in the continued fractions and
multiply it by i to obtain:
x x? x? x?
tany = ——— - ——— -+ (4.987)
14345+ Cn+1)+
11. Quadratic equations.
Solve the following quadratic equations by continued fractions.
x2=3x—1=0 (4.988)
x?—5x—1=0 (4.989)

12. The perimeter of ellipse.
Derive the continued fraction (4.253) from the series expansion (4.251).
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13. Second-order differential equations.

(a) Solve this differential equation in Taylor series around x = 2
y' —y=0 y2) =1 y(2) =-1 (4.990)
and show that the solution will be

1 1
YO =1-( =45 0= = 5 (=27 +

I+ (=274~ =2+
= —(x — — (x — .
2 4!
2) + - 2 4 2 2)°
—(x— )+§(x— ) +§(x— )+

= cosh (x — 2) — sinh (x — 2) 4.991)

(b) Show that the series solution of the equation
y' —2xy' +y=0 (4.992)

is

2 4 6 8
y=a0<l X 3x 3(7)x +3(7)(11)x _)

2! 4! 6! 8!
3 5 7 9
X Sx 509)x 50)13)x
ta (x Tyt st T ) 499
14. Power series transformation.
If
2 4 6 8
X X X X
COSXZI—E—FZ—E-FE—'“ (4994)
show that
262 3Bxt 246 278
1 2 _ — _— —_— . e e
sin“ x = o 2 + al 3l (4.995)

15. A first-order parametric equation.
Show that

sin” ' ¢t

V1 —12

(4.996)
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satisfies the differential equation
(1 - z2) iotx=1 (4.997)

and show that

x:t+%t3+2X45 2X4X6t7

t 4.998
3 3x5 3x5x%x7 (4.998)

16. Pendulum.

(a) Take atime derivative from the energy equation of a pendulum K +V = E,
1 5.2
Eml 0" +mg(l —cosf) =E (4.999)
and determine its equation of motion.
mi*6 4+ mglsin = 0 (4.1000)

(b) Explain why 0 < k < 1 is equivalent to the oscillatory motion of the
pendulum, where

E = k> 2mgl) k>0 (4.1001)

and the value of k will be calculated by the initial conditions:

Ey 1 /1 .9
k= | =% =~ [ = (26 + 120} — 2 cos 4.1002
2mgl 2\/g1 ( g + 1509 — 2g cos 0) ( )

17. Two coupled linear first-order equations.
Determine the solutions of

X=ax+by x=fi—’; x(0)=A (4.1003)
y=cx+dy y=% y(0)=B (4.1004)

{a,b,c,d} e R (4.1005)
a=1 b=-2 c¢=2 (4.1006)

ford = -5, —-4,—1,0, 1,4, 5 and plot the solution in (x, y)-plane for:
A=0 B=-2,-1,1,2 (4.1007)

and
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18. Solution of the second-order equations in continued fractions.

19.

B=0 A=-2,-1,1,2

389

(4.1008)

Derive the solution of the following differential equations in continued frac-

tions.
(a)

ay"+y —y=0
(b)

ay” +by —y=0
(©)

Yi+xy' —y=0
(d)

xy'+y —y=
(e)

Y4y —xy=0

Riccati equation.

(4.1009)

(4.1010)

(4.1011)

(4.1012)

(4.1013)

Derive the solution of the following Riccati equations in continued fractions.

(@)

du 2 2

dx tu =
(b)

d

ﬁ + u? = 2x*
(©)

d

ﬁ + 2w’ = x*

(4.1014)

(4.1015)

(4.1016)
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20. Series to continued fractions.

Knowing
0 k L 2k+1
(=" x
t = - —1<x<1 4.1017
arctan x Z T <x< ( )
k=0
show that
12 2 32 2 52 2
arctanx = x al al al (4.1018)
1+ 3 —x24 5—3x24 7 —5x2+
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Part 111
Approximation Tools

When we work with differential equation modeling of a physical phenomenon, the
equation usually has no closed form solution expressible by elementary functions.
We engineers and scientists need to understand the behavior of the phenomenon
and wish to extract as much information as possible from the differential equations.
In this part, we introduce and review several approximation methods by focusing
on one of the most important differential equations for which we do not have
elementary solution but still we need to understand its behavior with very good
approximation. The Mathieu equation is the simplest parametric equation that
directly or indirectly appears in stability analysis of dynamic systems.
A general linear parametric second-order equation is of the form

d’x d’x
T tsO 5+ fHx=0 (1)
g()=g@+T) f@=fe+T) 2

and a simple case would be
f @) =a—bcost g@®)=0 3)

to have the Mathieu equation.

d’x b

W+(a— cost)x =0 4)
Direct application of the Mathieu equation is when a dynamic system has a
parameter changing with time periodically. A child playing on swing in a park is
an example. We model this system as a pendulum with variable length because the
length of this pendulum is assumed the distance from fulcrum to the mass center of
the child. Indirect application is when we have a periodic solution for a differential
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equation and we are concerned about the stability of the solution. Studying the
stability of the solution ends up to know the stability of Mathieu type equations.

In this part, we show how we investigate the behavior of such an unsolvable
equation employing different approximation methods, one of them would be
continued fractions. Mathieu equation, although looks simple, is a complicated
equation. To provide some simplification in calculations we use the following
expression for the Mathieu equation:

2

d—;+(a—2b0052t)x=0 (5)



Chapter 5 ®
Mathieu Equation Qs

Mathieu equation is a linear parametric differential equation. Assuming b = 0, the
equation reduces to a simple oscillator, such as a mass-spring mechanical system
X 4+ ax = 0. The simple oscillator system is energy conservative and therefore
its response would be oscillation at the natural frequency of w, = +/a with a
constant amplitude, for a > 0 and nonzero initial conditions. Introducing b makes
the stiffness of the system to be time variant fluctuating between a + b and a — b
around the average a. Depending on the values of a and b, the solution of the
equation may be unstable, periodic, or stable. Here, unstable means increasing
amplitude infinitely, stable means decreasing amplitude or approaching a constant
amplitude, and periodic means oscillation at a constant amplitude. A point in (a, b)-
plane provides a periodic response if any small change in a or b puts the system in
stable or unstable region. This means the (a, b)-plane will have stable and unstable
regions separated by periodic lines. We are interested in the periodic solutions of the
Mathieu equation with periods 7 and 27 as well as the values of (a, b) associated
to the periodic solutions.

d’x
W+(a—2bcos2t)x=0 (5.1

5.1 Periodic Solutions of Order n = 1

We are interested in the periodic solutions of the Mathieu equation (5.1) which have
period 7 or 27 and happen on the boundary of stability and instability regions in the
(a, b)-plane. Such boundaries will be expressed by functions of a = a (b) starting
froma = n2, n = 0, 1,2,---. When b — Othe Mathieu equation approaches
X +n%x = 0 with solutions of cos nt and sinnt. For b = 0 and n = 1, either cos ¢ or
sint or a combination of them are the solutions of Mathieu equation. By increasing
b from zero, the orthogonal solutions cos ¢ and sin ¢ begin to change independently
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and grow terms in the power of b each associated to the two different boundaries of
a = a (b) starting froma = 1.

The solution of the Mathieu equation that reduces to cost for b = 0 is the
cosine elliptic Mathieu function ce and the associated a = a (b) is its characteristic
number dce] .

(t,b) = cost bco 3t+b2 os3t+1c s 5t
cey (t,b) = cost — — cos — [ —c - Co
! 8 64 3
b [1 4 1
——— | =cos3t — —cos5t + —cos 7t
512 \ 3 9 18

4096 \ 9 6 12

bt (11 1 1
+——| —cos3t + —cos5t — —cos Tt + — 130 cos9r ) (5.2)

1 1
S L ¥ L 53
ey = 10— gb" =P ~ 1536 36864 ©-3)
Similarly, the solution of the Mathieu equation that reduces to sin¢ for b = 0 is the
sine elliptic Mathieu function se; and the associated a = a (b) is its characteristic
number dg 1.

(t,b) int b 3t+b2 ’3t+l in 5¢
se = Sinf — — COS — | S1In — Sin
N 8 64 3

" (L 3t+4 in 5t + L 7t
——— | = sin — sin — sin
512\3 9 18

+ b1 3¢+ 1 cos 5t + - cos Tt + 9t ) (5.4)
_— COS — COS — COS — COS .
4096\ 9 6 12 180

1—b 1b2+ Ly L s 1 b+ (5.5)
a — — R J— R R — .
sl 8 64 1536 36864

Figure 5.1 illustrates the functions a.., and a,., on which the Mathieu equation has
the periodic solutions ce; (¢, b) and se; (¢, b).

Proof When b = 0, the Mathieu equation becomes X +ax = 0 with solutions cos nt
and sinnt where n?2 = a. For integers n = 1, 2, 3, ..., we will have the solutions
of cost and sin¢ or cos 2¢ and sin 2¢ or cos 3¢ and sin 3¢, etc. Periodic solutions for
b # 0 happen only at proper values of (a, b) and hence we may assume there is a
relationship between a and b expressed by a polynomial a = f (b) of b.

a =n2+a1b+a2b2+a3b3+~-~ (5.6)
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Fig. 5.1 Graphical illustration of the functions a.., and as., on which the Mathieu equation has
the periodic solutions ce;j (¢, b) and se; (¢, b)

Setting n = 1, we assume the power series
a=1+ab+ab*+ab®+--- (5.7)

and because one of the solutions of Mathieu equation is to reduce to cost when
b = 0, we also assume a series solution in the form

x=cost+bfi(t)+b> )+ b3 f3() + - (5.8)

Substituting (5.8) and (5.7) in the Mathieu equation (5.1)

%:—cost+bf1/’+b2f2”+b3f3”+~-~ (5.9)
ax = cost + (fi +ajcost) b+ (f» +arcost +ay fi) b*
+(fs +azcost +arfa+ayfi)b>+--- (5.10)
(—=2bcos2t)x = — (cost +cos3t) b — 2b2f1 cos 2t
—2b° f> 082t + -+ - (5.11)

and rearranging in powers of b,
0= (fl// + f1 —cost —cos3t + a; cost)b

+(f + fo+axcost +ai fi — 21 cos2t) b?
+(f{ + fs+azcost +aifr+arfi —2frcos2t) B>+ (5.12)
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we set the coefficients of b¥ equal to zero to determine the unknown functions fj ()
and unknown coefficients ay. The first nonzero equation is to find f (¢).

d*fi ()

T+f] (t) —cos3t + (a; — 1)cost =0 (.13)

The solution of the equation for zero initial conditions f1 (0) = 0, f{(0) = 0
would be:

1 1
fi (t)=§0033t+§cost+(a1—1)tsint (5.14)

The solution x (¢) of the Mathieu equation is to be periodic. Therefore, the
coefficient of the nonperiodic term ¢ sin # must be zero. Also, the coefficient of cos ¢
in the solution must be unity for any b, so we may eliminate any terms including
cos ¢ from the solution. These simplifications determine a; and f7 (7).

a =1 (5.15)

fi@) = écos 3t (5.16)

The second equation from the coefficients of b*isto find f> (7).

d*f (1)
dr?

+ () + fi () (a1 —2cos2t) + az cost = 0 (5.17)

The solution of the equation for zero initial conditions f (0) = 0, f; (0) = 0, would
be:

1 1 5 1 1
H@) = 1—9200551‘ — 3—200s3t + @cost — <§a1 + E)tsint (5.18)

Again, to have the solution of the Mathieu equation to be periodic, the coefficient of
the nonperiodic terms must be zero and cos ¢ may be eliminated. Therefore,

1
= —— 5.19
a g (5.19)

1 1
H@) = 102 cos 5t — o cos 3t (5.20)

The third equation is to find f3 (7).

d*f3 (1)
dr?

+ f3()+ fo () (a; —2cos2t) +apfi (t) +azcost =0 (5.21)
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The solution for zero initial conditions f3 (0) = 0, f3’ 0) =0, is:

) = — Tt 5t — 3t
30 = =557 08 T+ 755 0851 = 1535 €08
! t ! + ! tsint (5.22)
- —| = — ) tsin .
o216 T T\ 24U T 1) "0

Setting the coefficient of the nonperiodic terms equal to zero and omitting any terms
including cos ¢ provides a3 and f3 ().

1
__ 1 523
as a (5.23)
1
) = ——— Tt 5t — 3t 5.24
3 (8) = =57 cos Tt + 1755 €083 = 53¢ cos (5-24)

Substituting fi (¢) in (5.8) gives us a 2w -periodic solution for the Mathieu equation.
Let us show the solution by ce; (¢, b) and call it the cosine elliptic Mathieu function.
Continuing this procedure provides us with other ax and fi (¢). The resultant a and
cey (t, b) would be:

(t,b) = t b 3t+b2 3l+1 5t
cey(l, = COS 3 COS 64 COS 3 COS

» /1 4 1
—cos3t — —cos5t + — cos 7t

T 512\3 9 18
+ b 1 3t+1 5t ! Tt + ! 9t ) (5.25)
—— | —cos — CO$ 5t — — Cos —— COS .
4096 \ 9 6 12 180
1 1 1 11
oo =1 4+b— b — —b> — —b* + ——b> +... (5.26)

8 64 1536 36864

For a given b we find the characteristic number a.., from (5.26) and the cosine
elliptic Mathieu function from (5.25). As planned, the Mathieu function ce; (¢, b)
reduces to cost forb =0and a to 1.

For n = 1, we may also have a second solution in the form

x =sint +bgy (1) + b*gr (1) + b3 g3 (1) + - - - (5.27)
which reduces to sin ¢ for b = 0. We substitute (5.27) and a new series for a

a=14cib+cb>+c3b> +--- (5.28)
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in the Mathieu equation (5.1) and rearrange them in powers of b,

0= (g} + g1 +sint —sin3t + ¢ sint) b
+ (85 + g2 + cosint + c1g1 — 2g1 cos 2t) b*
+ (g5 + g3 + c3sint + c182 + c281 — 282 cos 2t) B>+ (5.29)
Setting the coefficients of b* equal to zero, we solve the differential equations to

determine the unknown functions g (¢) and the coefficients c. The first nonzero
equation is to find g1 (¢) and c;.

d*gi (1)
dr?

+g1(t) —sin3t +(c;+1)sint =0 (5.30)

The solution of the equation for zero initial conditions g1 (0) = 0, g{ (0) = 0, would
be:

1 1 1 1
g1 () = —3 sin 3¢t — 3 (c1 + Z) sint + 3 (c1+ 1) tcost (5.31)

Having periodic solution x (¢) for the Mathieu equation requires the coefficient of
the nonperiodic term ¢ cos ¢ to be zero. Also, the coefficient of sint in the solution
must be unity for any b. Hence, we may eliminate any terms including sin¢ from
the solution. These facts determine c; and g1 (¢).

e =—1 (5.32)

1
g1(t) = —3 sin 3¢ (5.33)

The second equation from the coefficient of b%is to find g» (7).

d*g (1)
dr?

+g2(@)+ g1 (t) (ca —2cos2t) + cosint =0 (5.34)

The solution of the equation for zero initial conditions g5 (0) = 0, g5 (0) = 0, would
be:

| 1 . 1 131 .
g (t) = —=sinSt + —sin3t — — | co + — ) sin¢

192 64 2 48
L ey + 1) rsine (5.35)
5 c g in .

To have the solution of the Mathieu equation to be periodic, the coefficient of the
nonperiodic terms must be zero and sin¢ and cos t may be eliminated. Therefore,
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1
- __ 5.36
e A (5.36)
1 . 1
g @)= T2 sin 5t + a sin 3¢ (5.37)
The third equation is to find g3 (¢).
d*g3 (1)
a2 +g3() +g2(t) (c1 —2cos2t) + 281 (t) +c3cost =0 (5.38)
The solution for zero initial conditions g3 (0) = 0, gé 0) =0, is:
(1) L (7t) in 5¢ in 3¢
= ———sin - sin5¢ — sin
83 9216 1152 1536
! 37 t+l ! tcost (5.39)
2\P 2608 ) T2\P T ) '

To have a periodic solution for the Mathieu equation, the coefficient of the
nonperiodic terms will be set to zero. Also any terms including cos ¢t and cos t may
be omitted from the solution.

1
= — 5.40
= (5.40)

1
g3 (t) = ———sin7t — sin 5t — sin 3¢ 541

9216 1152 3072

Substituting g () in (5.27) gives us a 2 -periodic solution of the Mathieu equation.
Let us show the solution by sej (¢, b) called the sine elliptic Mathieu function.

(t,b) int b 3t+b2 '3t+1 in 5t
se s = Sinnf7 — — CoS — | S1In — Sin
! 8 64 3

b 1s‘n3t+4s"n5t+ ! sin 7t
——— | =1 —s1 — sin
512\ 3 9 18

4096 9 6 12 180

b* 11 1 1 1
+ (—— cos 3t + — cos 5t + — cos 7t + —— cos 9t> 5.42)

Continuing this procedure provides with other ¢y and g (7). The resultant ag., and
x (t) would be:

1 1 1 1
=1—b—-b+—b ——b———pP+... 5.43
dser 57 T’ T 15360 36sea” (5:43)
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Fig. 5.2 Illustration of the cosine and sine elliptic Mathieu functions ce; (¢, b) and se; (¢, b) for
small values of b

Fig. 5.3 Graphical illustration of the cosine and sine elliptical Mathieu function ce; (¢, b) and
sey (t,b)

For a given b we find the characteristic number ag., from (5.43) and the associate
sine elliptic Mathieu function from (5.42).

Inspection of Egs. (5.43) and (5.42) indicates that the solutions (5.25) and (5.42)
do not coexist except when b = 0. For b # 0, the values of a of (5.43) and (5.42)
for which the periodic solutions exist are quite different (Richards 1983). The driven
power series for a,., and a,., are good approximation only for small values of b.
The developed solutions (5.26) and (5.43) cannot produce Fig. 5.1 for such a large
values of b. Figure 5.2 depicts the characteristic numbers ay,, and ay., and Fig. 5.3
illustrates the cosine and sine elliptic Mathieu functions ce; (¢, b) and se; (¢, b)
based on the above developed solutions. |

Example 172 A pendulum with harmonically moving support.

Imagine a simple pendulum of mass m hanging at the tip of a massless bar
with length / from a pivot A. The point A is moving vertically with a harmonic
function and the position of the pendulum is measured by the angle 6 between / and
gravitational acceleration vector g pointing downward, as is shown in Fig. 5.4.
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vy, =Ysinot

Fig. 5.4 A pendulum of mass m at the tip of a massless bar with length / and moving joint

ya = Y sinwt (5.44)

The coordinates of m are:
x =1sinf (5.45)
y=yq —1lcosf =Y sinwt —[cos6 (5.46)

and the velocity components of m are:

¥ =0lcosf  y=VYwcoswt+10sind (5.47)
The kinetic energy K of the pendulum is:
m ()%2 + y2)

m (Y2w2 cos® tw + 2Y 1w cos tw sin O + 1292) (5.48)

K =

N = N =

and the potential energy P of the system is:
P =—-mgy=—mg (Ysinwt —[cosb) (5.49)

and therefore the Lagrangian £ will be:
1 2.2 2 ) :
L=K—-P= EmY w” cos” wt + mYlwb cos wt sin 6

1.
+§m1202 T mg (Y sinwt — [ cos 6) (5.50)
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Therefore, the equation of motion of the pendulum would be

d (0L oL
—|—=)]-——=0 (5.51)
dt \ 90 a6

" g Y , . .o

0+ T 70) sinwt | sinf = 0 (5.52)

To investigate the stability of the equilibrium solution & = 0 we would linearize the
equation of motion about the equilibrium, and derive an equation of the Mathieu

type.

. 8 Y 2 . _
0+ T Ta) sinwt |6 =0 (5.53)

The vertically downward equilibrium position at 6 = 0 will be stable or unstable
or showing a constant periodic oscillation depending on the values a = g/! and
2b = Yw?/l. It is good to note that & = 0 is stable for @ = 0. The vertically
oscillation of the base is a way to make the pendulum oscillate and it means we are
able to put the pendulum in oscillation with harmonically moving its base up and
down.

There is another equilibrium position at 6 = & for the pendulum. To study the
stability of the vertically upward equilibrium, we may introduce a new variable

p=m—0 (5.54)
to rewrite the equation of motion (5.52)

. 8 Y 2 . . _
$—(7 - gosiner sing =0 (5.55)

and linearize it around ¢ = 0 and find a similar Mathieu equation.

Y
o — (% — Ta)2 sinwt) =0 (5.56)

The difference is that the new equation of motion is unstable for @ = 0. Now, the
vertically oscillation of the base is a way to make the pendulum stable, and it means
we are able to keep the pendulum almost upward with harmonically moving its base
up and down.

Example 173 Effect of b on functions ce; (¢, b) and se; (t, b).

The sine and cosine elliptic Mathieu functions, Egs.(5.42) and (5.25), are
periodic functions of ¢ and dependent on the parameter b. Figure 5.5 illustrates the
cosine elliptic Mathieu function cej (¢, b) for 0 < ¢t < 2m for different values
of b. Figure 5.6 also illustrates the sine elliptic Mathieu functions se; (¢, b) for
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Fig. 5.5 Cosine elliptic Mathieu functions ce; (¢, b) for0 <t <27 forb=0,1,2,3

Fig. 5.6 Sine elliptic Mathieu functions se; (¢, b) for0 <t <27 forb=0,1,2,3

0 < t < 27 and different values of . When b = 0 the function ce; (¢, b) reduces to
cos ¢ and the function se; (¢, b) reduces to sin¢. Figures 5.5 and 5.6 depict how the
Mathieu functions deviate from the simple cos ¢ and sint for nonzero b. Figure 5.7
illustrates three-dimensional graphs of ce; (¢, b) and se; (¢, b).

Example 174 Eliminating cos ¢ and sin¢ terms from the solution.

In development of the series solution cep (¢, b) of the Mathieu equation, we
assumed series expansion (5.8) for the function ce; (¢, b) and power series (5.7) for
the characteristic number a..,. Substituting (5.8) and (5.7) in the Mathieu equation
and sorting for exponents of b¥ gives us the series (5.12). All coefficients of b* must
be zero to make the series solution satisfy the equation. Each coefficients gives a
differential equation to be solved for a; and fi (¢). The solution of the differential
equations for zero initial conditions will have three types of terms. One of them is
nonperiodic terms with a time ¢ in the coefficient of a trigonometric function. By
setting the coefficients of nonperiodic terms equal to zero, we calculate a; and we
eliminate the noperiodic terms. The second type are periodic functions of cos m¢?
and sinmt with m # 1. These terms are the terms that make ce; (¢, b) and we keep
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Fig. 5.7 Three-dimensional illustrations of the cosine and sine elliptic Mathieu functions,
cey (t,b) and se; (t, b)

them. There is also a third type of terms that are simple functions cos ¢ and sin . We
dropped these terms with the justification that the cosine elliptic function ce; (¢, b)
must reduce to cos ¢ for b = 0. In fact keeping the cos ¢ and sin ¢ terms or eliminating
them is irrelevant. If we keep them, eventually we will have ce; (¢, b) including a
term of

cost +bcost + b>cost + b3 cost + -+ (5.57)
or two terms of
(cost+bcost+b2cost+b3cost+-~-)

+(bsint+b2sint+b3sint+---) (5.58)

which will become cost for b = 0 as when as we add all terms of the series for
b # 0. Eliminating the terms cost and sin¢ from the solutions of the coefficient
differential equations makes it possible to cut the series and still have the solution
built based on cost regardless of the number of terms of the series and the value
of b.

Example 175 Damped Mathieu equation.
Adding a damping term to the Mathieu equation makes a mass-damper-spring
system where its spring coefficient changes periodically around the average a.

d? d
d_t)zc + cd—): +(a—2bcos2t)x =0 (5.59)

Substituting
x=e""y () (5.60)

into the equation, we obtain a new Mathieu equation without damping.
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&y (h —2bcos2t)y =0 (5.61)
— — 2b cos = .
dr? Y
h=a—c? (5.62)

Hence the solution and characteristic numbers of the Mathieu equation can be
transformed to map the damped Mathieu equation.

Example 176 The importance of Mathieu equation.
Consider the following general nonlinear forced equation:

it fxd)=e@) e(t+T)=e() (5.63)

where e (1) is a periodic excitation and f (x, x) is a continued nonlinear differ-
entiable function. We are interested in periodic solutions of the equation. Under
the condition that f (x, x) is bounded and asymptotically stable, the solution must
ultimately lead to a periodic solution of which the least period is either the period T
of the external force or an integral multiple of 7". Suppose that we have a solution
xo (¢) for (5.63) such that

xo (@ +nT)=x0() (5.64)
A small variation from this periodic solution is denoted by y,
x (1) =x0 (1) +y () y() <<l (5.65)
then substitution of (5.65) in (5.63) leads to a variational equation,

5+ af (XO', xo)y.Jr of (XO,Xo)y

=0 5.66
0x 0x ( )

in which we substitute (xq, xo) after differentiation. The coefficients of y and y are
periodic functions of 7. Equation (5.66) may be rewritten as

V+p@®y+q@)y=0 (5.67)
pt+T)=p@) qt+T)=q() (5.68)

Introducing a new variable s

y = sexp (—% / p @) dt) (5.69)

we have

1

dp 1
§+(q(t)—§d—l:—2p2(t)>s=0 (5.70)
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This is a linear equation in which the coefficient of s is a periodic function of . In
many cases, it is a Mathieu equation or may be approximated by a Mathieu equation

S+ (A—Bcoswt)s =0 (5.71)

and therefore, its stability determines the stability of solution xq (¢) for Eq. (5.63).
As an example let us consider a Duffing equation

%+ hx 4+ kx> = F cos ot (5.72)
and assume we have a harmonic solution for the equation.
X0 (1) = A (w) cos wt (5.73)
We change the solution xq (¢) with a little perturbed function y (z),
x(@)=x0)+y @) y(@) <<1 (5.74)
and substitute into the Duffing equation (5.72). Therefore,
Yo+ V+hxo+y) +k@xo+y)® = Fcoswr (5.75)
that will be expanded to
()'c'o + hxp + kxg — Fcos a)t)
+3 4 hy + 3kyx3 + 3ky*xo + ky> =0 (5.76)

Because x is a solution of the equation, the first parenthesis is zero and we will
have an equation to determine the perturbation function y.

$ + hy 4 3kyxgd + 3ky*xo + ky? =0 (5.77)

Because y is assumed to be a very small perturbation, we may ignore the nonlinear
terms to have the following equation:

¥+ hy + 3kyx3 =0 (5.78)
¥+ hy + 3kyA? cos® wt = 0 (5.79)

This is a parametric equation which after using cos? wt = % cos2tw + % will be a
Mathieu equation.

1 3
y+ (h + E3kAz + EkA2cos 2a)t> y=0 (5.80)
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The stability of the Mathieu equation determines the stability of the solution (5.73)
for the Duffing equation (5.72).

Example 177 Mathieu equation determines the stability of Mathieu equation.
Assume we have a solution

x = x0 (1) (5.81)
for the Mathieu equation.

ex (@ —2bcos2t) x =0 (5.82)
a — X = .
dt?

Let us change the solution xq (¢) with a perturbed function y (¢),
x()=x0(@)+ y () y() <<1 (5.83)
and substitute into the Mathieu equation
Xo+ Y+ (a—2bcos2t) (xg+y) =0 (5.84)
to determine an equation for y (¢).
Y+ (a—2bcos2t)y =0 (5.85)

In order to determine the stability of the solution (5.81), we need to determine the
long-term behavior or stability of y from (5.85), which is another Mathieu equation
by itself. Therefore, Mathieu equation determines the stability of any solution of the
Mathieu equation.

Example 178 First appearance of Mathieu equations.

Mathieu functions appeared in 1868 for the first time in analysis of vibrations
of an elliptic drum expressed by elliptic-cylinder coordinates (Mathieu 1868;
McLachlan 1947). The Helmholtz wave equation

Vo +k*9=0 (5.86)
in two-dimensional plane will be

82¢J 82<p
T3t e +k2p =0 (5.87)

where k is the constant wave number dependent upon the properties of the medium.
Applying a separation of variables

p=g@) f )
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Fig. 5.8 The pendulum m, hanging to the mass m; attached to the ceiling with a spring of
stiffness k

and expressing the wave equation in the elliptical cylinder coordinates (Jazar 2011)
x = Fcoshucosv y = Fsinhusinv (5.88)

provides two equations for # and v.

d*f

- - (a—2bcos2v) f =0 (5.89)
dv

d2g

— — (@ —2bcosh2u)g =0 (5.90)
du?

Equation (5.89) is called circumferential or angular Mathieu equation, and Equa-
tion (5.90) is the radial Mathieu equation. Similarly, the solutions of Eq. (5.89)
are called angular Mathieu functions, and the solutions of Eq.(5.90) are called
radial Mathieu functions. Mathieu equations and Mathieu functions were introduced
by their originator, Emile Leonard Mathieu (1835-1890), in 1868 when he deter-
mined the vibrational modes of a membrane (Mathieu 1868). We study only the
circumferential Mathieu equation (5.89). Since Mathieu equation is a linear second-
order homogenous ordinary differential equation, it has two linearly independent
solutions. Therefore, every other solution of the equation is a linear combination of
those two solutions.

Example 179 Pendulum subject to elastic guided suspension.

Figure 5.8 illustrates the pendulum m, hanging to the mass m that is attached
to a spring of stiffness k. The free length of k is I, the static deflection of the spring
under the mass m| 4+ my is y; and the vertical motion of m; is measured by y. The
motion of mass m is constrained by a vertical guides. The kinetic and potential
energies of the system are:

1 1. .
K = 3 (mi +mo) $2 4 Emzlgez — maly 0 sin @ (5.91)
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1
P = Eky2 — magly cos @ (5.92)

Employing the Lagrange equation, we find two differential equations describing the
motion of the system.

(my+mo)y — mzlzé sinf — mzlzéz cosf +ky =0 (5.93)
—¥sin@ + 1,6 + gsind =0 (5.94)

Introducing the following nondimensionalized variables and parameters

_ s mj

o oMy (5.95)
I

changes the equations to a new form.

a0 cost —a (y +u)sin’ @

"
W= — (5.96)
6"+ y6 = —usin® + b’ sin cos § — ay sin’ 0
1 — asin®6
+y (6 —sin0) (5.97)

The unperturbed motion of vertical oscillations of the system is governed by
6=0 u=Acost A>0 (5.98)
To study the stability of this motion, we apply a small perturbation ¢ and v,
0=04¢ u=Acost+v (5.99)
to obtain the perturbation equations:

9"+ (y +Acost)p =0 (5.100)
V' +v=0 (5.101)

The stability of unperturbed motion (5.98) is determined by the stability of the trivial
solution of Eq. (5.100) which is a Mathieu equation (Starzhinskii 1980).
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5.2 Periodic Solutions of Order n € N

The periodic solutions of the Mathieu equation (5.1) for @ = n? with periods 7
and 27 on the boundary of stability and instability in the (a, b)-plane may be found
similar to the case of n = 1 in previous section. For any value of n we will have
one cosine elliptic and one sine elliptic functions that each one would have its own
characteristic number.

The Mathieu functions and their characteristic numbers in power series of b are:

by = - szr7b4 29b6+ 68687h"
feeo (0) =757 T 198 ~ 2304 18874368

12370710 N 8022167579h!2 N
104857600 ' 19568944742400

(5.102)

)= (=1 45— L VP
e 1) = Gsey = 8 64 1536 ' 36864

496 55b7 83p8
530824 | 0437184 35389440
12121»° 114299 10
15099494400 1630745395200

+

(5.103)

502 763b*  1002401° 166906840158

T2 T 13824 T 79626240 458647142400
4363384401463b'°

+3698530556313600 |

ce, (b) =4+

(5.104)

b4 b2+ 5p% 289h° N 2139158
ser \0) = 12 13824 79626240 = 458647142400

2499767H19 N
3698530556313600

(5.105)

»r b 13t 5b°
ace3(b)Za‘ve3(—b):9+g+6—4+m—m
B 19615° B 6097 N 495719958
23592960 104857600 = 2113929216000
872713b° 421511610

1087163596800 " 6012954214400 T

(5.106)
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) = 164 b? N 433p* 57015°
ey 19 = 30 ' 864000 2721600000

11223699758 N 8417126443p'0
2006581248000000 ' 31603654656000000000

+ .-+ (5.107)

»*  317p* 100495°

30 364000 T 2721600000

93824197h8 2135936644350

T 2006581248000000  31603654656000000000

Agey (b) =16 +

+ - (5.108)

(b) (—b) =25+ B + 115t + b
a = a — = R
€es 5es 48 774144 147456

37b° 767 6343968
891813888 339738624 | 201364441399296
15° 60609509510
T 2130840649728  5799295912299724800 |

(5.109)

) =36 4 b2 N 187b* N 6743617b°
a = —_—
ceo 70 ' 43904000  92935987200000

2337184771b8 N 107856094183510
23315780468736000000  1595835640971264000000000
4. (5.110)

b? 187p* 5861633h°
70 * 23904000 ~ 92935987200000

282592562958 45361065433p10
+23315780468736000000 | 1595835640971264000000000
o (5.111)

Aseq (b) = 36+

by =1- Ccosat b 4t + L 2~ L eoser
ce , = — — COS — COS — | COS — — COS
0 2 32 128 9

+b4 29 cosdr 4+ 8t ) + (5.112)
— | — COS — COS .
512\ 9 144
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2

b b 1
cey (t,b) = cost — gcos3t + o <— cos 3t + 3 cosSt)

b /1 4 1
——— | =cos3t — —cos5t + — cos 7t
512 \ 3 9 18

+ bt 1 3t + ! 5t ! Tt + ! 9t
— | — COS — COS — — COS —— COS
4096 \ 9 6 12 180

L. (5.113)

(t,b) in¢t b 3t+b2 '3t+1 in 5¢
= Sinf7 — — CoS — | S1n — Sin
serth 8 64 3
31'3t+4'5t+1'7t
——— | = Sin — S1n — S1n
512\ 3 9 18

+ L 1 3t+1 5t + ! Tt + ! ot
— | —— COS — COS — COS — COS
4096 9 6 12 180

. (5.114)

b b? 19 1
cer (t,b) = cos2t + — cosdt + — ——c0s2t+Zcos6t

2 956\ 3
B ear Lcossr) + (5.115)

— — J— S e .
1152 \ 2 " T30

(t,b) = sin2t b’4t+b2 1'2t+1'6t
sep (1, = Sin 12 sin % 3sm 4SlIl

b 1
+ﬁ <cos4t— EcosSt) 4+ (5.116)

2

b b 5 1
ce3 (t,b) = cos 3t — T3 cos 5t + o <—§ cos 3t + 10 cos7t)

i 3t 1 5t + ! 9t )+ (5.117)
——— | cos3t — —cos — oS .
512 80 90

(t,b) in 3¢ b '5t+b2 5'3t+1 in7¢t
= SIn — — SIn — | ——= S1In — S1n
ses il 16 64 \ "8 10



5.2 Periodic Solutions of Order n € N 415

+ " (g 3t + W 5t L Ot | + (5.118)
— | sin — sin5¢t — — sin .
512 80 90

b (1 1
ceq (t,b) = cosdt + 7 (§ cos2t — 3 cos 6t>

b (34

1
—i—% (% cosdt + 0 cos 8t>

b3
— | ——cos2t+ cos 61 —
10 \ 2880 28800 8064

colet)—i—~-(5.119)

b (1 1
seq (t,b) = sindt + 1 <§ sin 2t — 3 sinét)

+b2 34 sin4t + L sin 8¢
— | ===t — s1
96 75 10

b3 1. 29 .
+— | ——=sin2f+ ———sin6¢ —
10 160 28800 8064

sin 10t) +--- (5.120)
Proof First we set n to be an integer number. We know that for » = 0, the Mathieu
equation reduces to X +n2x = 0 with solutions cos nt and sinnz. Then, the solution
of the Mathieu equation for nonzero b will be found by introducing series solutions

based on cos nt and sin nt, each for its own characteristic number a as a power series
of b.

x=cosnt +bfi(t)+b*fFr )+ 30+ (5.121)
a=n>+ab+ab*+ab®+--- (5.122)
x = sinnt + bgy (1) + b*gr (1) + b3 g3 (1) + - - (5.123)
a=n*+cib+cb®+c3b>+ - (5.124)

We substitute each pair of

oo o0
x = cosnt + Zbkfk () a=n*+ Zakbk (5.125)
k=1 k=1

or

o o0
x = sinnt + Zbkgk (1) a=n*+ chbk (5.126)
k=1 k=1
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in the Mathieu equation (5.1). Then, we sort the resultant equation for powers of
b* and equate the coefficients of b* to zero. Each coefficient will be a differential
equation to determine fi () or gi (¢). Eliminating the nonperiodic terms of the
solutions determines a; and ci. This method will generate the solutions (5.102)-
(5.120). If b is small enough, these formulae may be used with good approximation
as the all terms of higher than O (b6) practically have no contribution in the limit
value of the series. But as b becomes larger these terms will affect the value
considerably so in general, a = a (b) must be calculated using other ways such
as continued fractions, determinant, or energy-rate methods that we will study in
the future sections.

The periodic solutions of the Mathieu equation (5.1) can be expressed by Fourier
series.

o
cex (t,b) =Y Agj (b)cos2jt (5.127)
j=0
o
cexcr1 (t.b) =Y Agjy1 (b)cos (2j + 1)t (5.128)
j=0
o0
sexct1(t.b) =Y Byji1 (b)sin (2j + 1)t (5.129)
j=0
o0
sexca(t.b) =Y Byjia(b)sin (2j +2)t (5.130)
j=0

The Mathieu functions are associated to their characteristic numbers.

a = Qeey, m-periodic, even solution (5.131)
a = Qeeyy 27 -periodic, even solution (5.132)
a = ey, 2w -periodic, odd solution (5.133)
a = Gsepy,y m-periodic, odd solution (5.134)

The functions are either m-periodic or 2m-periodic. All Mathieu functions are
continuous and convergent for real 7. Hence, the series may be differentiated or
integrated term by term. According to the nature of the series solutions given by the
classical substitution approach, unacceptably huge calculation is generally needed
to ensure sufficient convergence to get reasonable approximate answers.

To summarize the series solution method of the Mathieu equation,

2

d—;+(a—2b0052t)x -0 (5.135)
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let us repeat that the periodic solutions of the Mathieu equation are well expressed

in (a, b)-plane on transition curves a = a (b), branching from a = n?, n =
1,2,3,---. We are looking for solutions in the form
o0 ) o )
cey (b,t) =cosnt+ Y b fi(t) a=n>+) ayb (5.136)
i=1 i=1
seq (b,t) =sinnt + Y bgi(t) a=n’+) cyb (5.137)
i=1 i=1

The coefficients a,; and c,; are obtained by imposing the functions ce, (b, t) and
sey, (b, t) to be periodic of ¢. Substituting (5.136) and (5.137) into Eq. (5.135) we
obtain the differential equations to determine the functions f; (¢) and g; (¢).

dz : i—1
dT];l—i-nzfi—Zf,-_lcosZt—i—Zai_k fi=0 (5.138)
k=1
dgi —
T n’gi —2gi—1c0s2t + Y cik g =0 (5.139)
k=1
[

Example 180 Characteristic numbers are boundaries of stability.

Figure 5.9 illustrates the (a, b)-plane showing the line of the characteristic
numbers deey, deeys Gsey> Qcess Asess f0r =3 < b < 3. The series equations of
the characteristic numbers provide acceptable approximation for small values of
b. Any point on the transition lines will allow the Mathieu equation to have a
periodic response. The transition lines separate the stable and unstable regions
of the plane. To examine the stability of each region, we may pick a point in
the interested region and investigate the response of the Mathieu equation. In the
figure, the point 1, (a,b) = (1.85819999, 1), is in an unstable region, point 2,
(a,b) = (1.859108038, 1), on a transition line and hence is periodic, and point
3, (a,b) = (1.85979999, 1), is in an stable region. Figures 5.10, 5.11, and 5.12
depict the responses of the Mathieu equation from the initial conditions x (0) = 1,
X (0) = 0 for points 1, 2, and 3, respectively.

Example 181 Characteristic curves.

The power series expressions of the characteristic numbers are not suitable to
determine the periodic lines for large values of b. We will show how to determine
these curves for large values of b by other approximation methods in the future.
The stability chart of the Mathieu equation is shown in Fig.5.13 indicating the
elliptic sine and cosine functions as well as the name of the transition curves. The
stability chart is symmetric about the a-axis. The curves ac.,, and dse,, ., which are
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ee2, CE2
= 5T X tabl
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Fig. 5.9 The lines of the characteristic numbers dce,, dce, , Ase, > Qce, > Gse, » Of the Mathieu equation
for —3 < b < 3 in the (a, b)-plane
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Fig. 5.10 Time response of the Mathieu equation for (a, b) = (1.85819999, 1), a point in unstable

region
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Fig. 5.11 Time response of the Mathieu equation for (a,b) = (1.859108038, 1), a point on

characteristic line
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L
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b
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=
L
—_— ]
|

Fig. 5.12 Time response of the Mathieu equation for (a,b) = (1.859108, 1), a point in stable
region

m-periodic, are symmetric, but curves ac,,, ., and dge,,, wWhich are 27 -periodic, are
asymmetric, however the overall stability chart remains symmetric as is shown in
Fig.5.14.

Except for ace,, all other transition curves will cross the b-axis twice and
therefore every characteristic equation has two zeros. For the functions of even order
ey, and dge,, ., the zeros are equal but opposite. The zeros of ac.,,,, are equal but
opposite to those of ey ;-

Example 182 Problems leading to periodic differential equations.

The ordinary linear differential equations of the second-order are classified
according to the number and their singularities. When such an equation has only two
separate regular singularities, it takes a more compact form when a trigonometric
substitution is made for the independent variable. Consider the equation

x(x—l)y//+(x—%)y/—(a+bx)y=0 (5.140)

which has regular singularities at x = 0, x = 1, becomes,

d2
d_); + (4a +2b+2bcos2z)y =0 (5.141)
Z

if we change the variablex to z.
x =cos?z (5.142)

The new form of the equation not only is more compact, but it also has no
singularities. The new equation is a Mathieu equation.
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a Ases, S€6
A
dces, CE5
36
- unstable
B stable
30
B Uges, S€65
25| ' dceq, CC4
= stable
20F unstable
16
151
- stable \
B Ages, S€4
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4 B unstable
é||||||||||||||||||||| > b
- 5 15 20 30 35
5 B unstable duus, 565
[ unstable \%sel> S€1 dse2, €32
Acen, €€ Acel, C€] Aee2, CE2

Fig. 5.13 The stability chart of the Mathieu equation
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dse5 , S€65
seq , S€4

Aces , C€5

Qoos, CE
20 — dse3 , S€3 cet !

— Ace3 , CE3

Age2 , S€2

6
deel , C€) dee2 , CE2 Ase6 , S€6
el , S€]

Aeep , C€Y

4 T ] | > d
20 30 40

=
()

40 —

Fig. 5.14 The stability chart of the Mathieu equation, showing the symmetry and behavior of the
Mathieu functions
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d2y
— + (A+2Bcos2z)y=0 (5.143)
dz?
A=4a+2b B=-b (5.144)

Example 183 McLachlan’s numerical values of characteristic numbers.

McLachlan (1947) reported the data of Table 5.1 to a reasonable accuracy to be
used for design as well as plotting the Mathieu stability chart. Figure 5.14 illustrates
the table graphically. These data have been calculated by hand and using continued
fractions. We will review the continued fractions method in the future sections and
show how to computerize the method to increase accuracy of this table. There are
other methods besides the continued fractions such as recursive, determinant, and
energy-rate methods that are able to provide more accurate results.

Example 184 Mathieu functions of fractional order.

Ifa =m?m ¢N,a # n’n being an integer, the solution of Mathieu equation
will be x = cosmt, and x = sinmt for b = 0. Then the solutions for » # 0 will be
of the form

cem (b, 1) = cosmt + Y b’ f; (1) (5.145)

i=1

and

o0
sem (b, 1) =sinmt + Y big; (1) (5.146)
i=1

with a common characteristic number (Richards 1983).
o0
a=m>+ Zaib’ (5.147)
i=1

It can be shown that the characteristic number a is the same for both ce,, (b, t)
and se,, (b, t), and therefore both solutions can coexist. Because the fundamental
solutions cos mt and sin m¢ are linearly independent, a complete solution will be of
the form

x(t) = Acey (b,t)+ B sey (b, t) (5.148)

where A and B will be determined by initial conditions. The functions ce,, (b, t)
and sey, (b, t) are bounded but not necessarily periodic. Therefore, they are the
solutions in the stable regions of the Mathieu stability diagram. Although these
solutions are usually nonperiodic, some of them are periodic and it means there
are other characteristics but not transition periodic curves in the stable region of
the stability charts. Those curves are indicating points where both sides of them are
stable. We may put m = p + ¢, with p integer and 0 < g < 1. If ¢ can be expressed
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Table 5.1 McLachlan data for characteristic numbers of Mathieu equation

423

b 0 1 2 3 4

Acel) 0 —0.4551386 —1.5139569 —2.8343919 —4.2805188
Agel 1 —0.1102488 —1.3906765 —2.7853797 —4.2591829
Aeel 1 1.8591081 2.3791999 2.5190391 2.3180082
Age 4 3.9170248 3.6722327 3.2769220 2.7468810
Aee2 4 4.3713010, 5.1726651 6.0451969 6.8290748
dge3 9 9.0477393 9.14062277 9.2231328 9.2614461
dce3 9 9.0783688 9.3703225 9.91155063 10.6710271
Aged 16 16.0329701 16.1276880 16.2727012 16.4520353
Aced 16 16.0338323 16.1412038 16.3387207 16.6468189
Age5 25 25.0208408 25.0833490 25.1870798 25.3305449
Aces 25 25.0208543 25.0837778 25.1902855 25.3437576
Age6 36 36.0142899 36.0572070 36.1288712 36.22944114
b 5 6 7 8

Acel) —5.8000460 —7.3688308 —8.9737425 —10.6067292
dgel —5.7900806 —7.3639110 —8.9712024 —10.6053681
deel 1.8581875 1.2142782 0.4383491 —0.4359436
Aged 2.0994604 1.3513812 0.5175454 —0.3893618
Aced 7.4491097 7.8700645 8.0866231 8.1152388
Age3 9.2363277 9.1379058 8.9623855 8.7099144
Ace3 11.5488320 12.4656007 13.3584213 14.1818804
Aged 16.6482199 16.8446016 17.0266608 17.1825278
Aced 17.0965817 17.6887830 18.4166087 19.2527051

Age5 25.5108160 25.7234107 25.9624472 26.2209995
Aces 25.5499717 25.8172720 26.1561202 26.5777533
se6 36.3588668 36.5170667 36.7035027 36.9172131

b 9 10 12 14

Aeel) —12.2624142 —13.93698 —17.3320660 —20.7760553
Agel —12.2616617 —13.9365525 —17.3319184 —20.7760004
deel —1.3867016 —2.3991424 —4.5701329 —6.8934005

Ase2 —1.3588101 —2.3821582 —4.5635399 —6.8907007
dce2 7.9828432 7.7173698 6.8787369 5.7363123

dge3 8.3831192 7.9860691 7.0005668 5.7926295

dce3 14.9036797 15.5027844 16.3015349 16.5985405

Ased 17.3030110 17.3813807 17.3952497 17.2071153
Aced 20.1609264 21.1046337 22.9721275 24.6505951

Age5 26.4915472 26.7664264 27.3000124 27.7697667
Aces 27.0918661 27.7037687 29.2080550 31.0000508
Ase6 37.1566950 37.4198588 38.0060087 38.6484719

(continued)
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Table 5.1 (continued)

b 16 18 20 24

Acel) —24.2586795 —27.7728422 —31.3133901 —38.4589732
Agel —24.2586578 —27.7728332 —31.3133862 —38.4589724
Acel —9.33523671 —11.8732425 —14.4913014 —19.9225956
ase2 —9.3341097 —11.8727265 —14.4910633 —19.9225403
Ace2 4.3712326 2.8330567 1.15422829 —2.5397657
dge3 4.3978962 2.8459917 1.1607057 —2.5380779
dce3 16.4868843 16.0619754 15.3958109 13.5228427
Age4 16.8186837 16.2420804 15.4939776 13.5527965
Aced 26.0086783 26.9877664 27.5945782 27.8854408
Age5 28.136359 28.3738582 28.4682213 28.2153594
Aces 32.9308951 34.8530587 36.6449897 39.5125519
Age6 39.3150108 39.9723511 40.5896641 41.6057099
b 28 32 36 40

Aeel) —45.6733696 —52.9422230 —60.2555679 —67.6061522
Agel —45.6733694 —52.9422229 —60.2555679 —67.6061522
deel —25.5617471 —31.3651544 —37.3026391 —43.3522753
Aged —25.5617329 —31.3651505 —37.3026380 —43.3522749
Ace2 —6.5880630 —10.9143534 —15.4667703 —20.2079408
Age3 —6.5875850 —10.9142090 —15.4667243 —20.2079254
Ace3 11.1110798 8.2914962 5.1456363 1.7296491
Aged 11.1206227 8.2946721 5.1467375 1.7300456
Aced 27.2833082 26.0624482 24.3785094 22.3252763
Ages5 27.4057488 26.1083526 24.3960665 22.3321485
Aces 41.2349503 41.9535112 41.9266646 41.3497544
Age6 42.2248415 42.3939428 42.118356 41.4330052

as o/B where « and B are integers with no common factors, then ce,, (b, t) and
sey (b, t) are periodic with period 7 8 and 27 8 depending on « to be even or odd.
The characteristic number for fractional m is:

1 1 1 5m2 47
am = m* + = b+ — mt b* +
2m? -1 32(m2_4)(m2_1)3
1 9m* + 58m? 4 29
m Tt tmT bo 4 ... (5.149)

64 (m? — 9) (m? — 4) (m” ~ 1)’

For values of a and b sitting in an unstable region of the stability chart the
solution of the Mathieu equation are functions of fractional order of the form

x (b, £1) = exp (£y1) ¢ (1) (5.150)

with ¢ (£¢) periodic with period v and 2.
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Example 185 “Mathieu-Duffing equation.
The linear Mathieu equation

d*x 4 (a—2bcos2t)x =0 (5.151)
—_ a — COS X = .
dt?

has the stiffness coefficient (@ — 2bcos2t) harmonically alternating around the
average a between a + b and a — b. Every physical system that we model by linear
differential equations is indeed nonlinear. When we model a parametric physical
system, depending on the relative importance of the parametric or the nonlinear
term, we ignore the nonlinearity or the parametric term and model the system with
either Mathieu equation (5.151) or a Duffing equation.

d’x 3

o7 + ax 4+ cx® = F cos wt (5.152)
The parametric equation of Mathieu accepts superposition and its main characteris-
tic is the stability chart in (a, b)-plane in which the stable and unstable regions are
separated by the transition periodicity curves. The Duffing equation is a nonlinear
equation which its main characteristic is its frequency response with an amplitude as
a function of the excitation frequency w. Duffing equation shows chaotic behavior
based on the value of its coefficients, initial conditions, and the forcing term.

There are occasions that neither nonlinearity or periodic terms may be ignored

and in those occasions the system must be modeled by Mathieu-Duffing equation.

d*x

W+(a—2bcos2t)x+cx3=0 (5.153)

The Mathieu-Duffing equation, which yet to be studied in detail, shows all behaviors
of Mathieu and Duffing equations combined (Esmailzadeh and Jazar 1997).

As an example we may recall the transverse vibration of a longitudinally excited
beam studied in Example 67. Consider a beam with length /, initial stretch xo, mass
density p, cross-sectional area A, flexural rigidity E1, and initial axial tension F,
that is axially driven by a periodic displacement x,.

X4 = acos wt (5.154)

Such a system is shown in Fig.5.15. The transverse vibration of the beam is
expressed by a partial differential equation (Esmailzadeh and Jazar 1997).

E184y+ A%y _ g
axt TP T

<
~
~

(5.155)

1
|
(S]]
A
=
A
()]

Introducing the following nondimensional parameters and variables



426 5 Mathieu Equation

y
4 xy =acos(wt)
—
driver
. /2 . /2 R
Fig. 5.15 A simple beam with length /, under harmonically axial excitation
t
y=2 x=2 x=2 ="
! ! ! VPAI*/ (ED)
_Ee _h oy, oM (5.156)
T El 1 T '
and applying a separation method
Y=f(r) g(X) g (X) = Hcos(rX) (5.157)

provides us with an ordinary differential equation for the temporal function f (7)
(Esmailzadeh and Jazar 1998, McLachlan 1956).

£ (0) + 72 (n2 + Xo + X cos (wr)) f@)+ %n6H2f3 (1)=0  (5.158)

It is a Mathieu-Duffing equation of the form

"+ (ki +kacos (1)) f + k3 f3=0 (5.159)
with
ki = (712 + X0> (5.160)
ky = w2 X4 cos (wT) (5.161)
k3 = %n6H2 (5.162)

Example 186 Transforming linear parametric second-order differential equation to
integral equation.

Consider the linear second-order parametric and forced differential equation

K+a®i+bt)x=f(@) (5.163)
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with a general boundary conditions.
x(0)=C x (to) = C2 (5.164)

The linearity of the equation allows us to write the solution to be made of two
functions

X=u-+v (5.165)

where v is the solution of the inhomogeneous equation with zero initial conditions
vta@v+b@)v=f() (5.166)

v(0)=0 v(0)=0 (5.167)

and u is the solution of the homogenous equation with nonzero boundary conditions.
i+a®u+bt)u=0 (5.168)

u (0) = C u (tp) = C2 — v (tp) (5.169)

To develop the complete solutions, we begin with the homogenous boundary
conditions:
i+a®u+bt)u=0 (5.170)
u0)=C u (o) = Co (5.171)
A second-order linear equation will have two principal linearly independent solu-
tions. Let u; and u; be the two principal solutions of the homogeneous equa-
tion (5.170) and we use these initial conditions:
u; (0) =1 1 (0)=0 (5.172)
uy (0) =0 ur (0) =1 (5.173)

Because of the linearity, every solution of (5.170) can be expressed by
u@)=Au )+ Bux(t) (5.174)
where A and B are constants to be determined by the initial and boundary

conditions.

Gy — Chuy (tg)

A=C B
uz (fo)

us (o) # 0 (5.175)
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Hence the solution of (5.168) will be (5.174) with proper coefficients.

_ Cr — v (tg) — Cru; (1)

A=C B
uz (fo)

us (t9) # 0 (5.176)

The homogenous case of Eq. (5.166) is the same as homogenous equation (5.170)
having the same principal solutions u; and u;. To develop the solution of the
inhomogeneous equation (5.166), Lagrange invented the method of variation of
parameters (Esmailzadeh et al. 1996, Simmons 1991). Let us assume the solution of
the inhomogeneous equation to be

v (1) = f1 (1) ur (1) + f2(1) uz (1) (5.177)

where f1 (¢) and f> (¢) are functions of ¢ to be determined such that (5.177) becomes
a proper solution of (5.166). Derivative of (5.177) is:

V()= frin+ frin+ fiu + Hrus (5.178)

Let us set a condition on fi (t) and f; (¢) such that

fiur+ Huy =0 (5.179)
to have
V() = fru + fruz (5.180)
and
§(t) = fiiiy + friia + fiin + frin (5.181)

Substituting (5.177), (5.180), and (5.181) in (5.168), we have
f@O=v+a@®v+b@)v=fili+a@)u+b(t)ur)
+fa (i +a @iz + b () uz) + frin+ fo iz (5.182)
and because #1 and u; satisfy the homogenous equation, this relation reduces to:
@)= frin+ frio (5.183)

Now we have two conditions (5.179) and (5.183) on fl (¢) and fz (1) to calculate the
functions f7 (¢) and f> (¢). The solution exists if the determinant of the coefficients
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is nonzero. The determinant W (¢) of this form is called Wronskian (Bellman and
Kalaba 1965; Bellman 1970).

W@p:Ziz = uyity — tiua (5.184)
Hence,
0 u w0
ﬂm=l%%i ﬁm=j%%L (5.185)
and we derive f1 (¢) and f> (¢).
ﬁmz—ﬁﬁé%ggm (5.186)
) = /0, %ds (5.187)

Now the solution of (5.166) from (5.177) would be

Z/t uy (s)us (t) — up (s) uy (t)f(s) ds (5.188)
0

W (s)
It is traditional to show

Gs)=" (s)ua (tév—(sb;z (s) uy (1) (5.189)

and
t
v =/ G(t,s) f(s)ds (5.190)
0

Therefore, the solution of (5.163) with the boundary value conditions (5.164) is:

t

x:u—i—v:Aul(t)—i—Buz(t)—i—f G(t,s) f(s)ds (5.191)
0

_ Cy — v (o) — Cruy (fo)
uy (ty)

A=C, B (5.192)

To determine Wronskian W (¢), we take a derivative of (5.184).
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dW_d uluz_ﬁlﬁz ui up
dt dt | uy iy Uy iy Uo

_ uy us
T l—a@®u—b@®u; —a Oy —b(t)uy

= —a@®)ujur — b @) uiup + a (t) uziiy + b (t) uruy

= —an)|""" = _anw
iy o
therefore,
t
W (t) = W (0) exp <—/ a (s)ds>
0
and hence,

t K
fi ) = —/O uz (s) f (s)exp (/O a () dz) ds

t Ky
fz(t)Z/O w1 (s) f(s)eXp</0 a(z)dz)ds

Now that we have the Wronskian, we can rearrange the solution of

Fdta®i+b@)x=f@
x(0)=C x (t) = C2

as

x = Auy (t) + Buy ()

t N
+/o f(s)exp (/0 a(Z)dZ> (ur (s)ua (t) —uz (s)uy (1)) ds

Example 187 % Continued integral solution of Mathieu-Duffing equation.

Let us rewrite the Mathieu-Duffing equation (5.153) as

d*x 2 3
F—i—n X :b<2x0052t—ex ):bf(x,t)

e =

c
b

Knowing that x; = cos nt and x; = sinnt are the principal solutions of

(5.193)

(5.194)

(5.195)

(5.196)

(5.197)

(5.198)

(5.199)

(5.200)

(5.201)
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d%x

2. _

o7 +nx=0 (5.202)
x1(0)=1 x1(0)=0 (5.203)
x2(0)=0 x2(0) =1 (5.204)

from (5.199) we have:

x = Acosnt + Bsinnt

t
—l—b[ f (x,s) (cosns sinnt — sinns cosnt) ds (5.205)

0

Substituting f (x, s) makes

x = Acosnt + Bsinnt

t
+b/ x (s) (2 cos2s — ex? (s)) (cosns sinnt — sinns cosnt) ds
0

=w(t)+b/
0

where

t

(2 cos2s — ex> (s)) X (s)sinn (¢ — 5) ds (5.206)

w (t) = Acosnt + Bsinnt (5.207)
Let us call w (¢) the first approximate solution xg (¢).
xo = w (t) = Acosnt + Bsinnt (5.208)

Substituting xg into the right-hand side of (5.206) we find the second approximate
solution.

t

x| = w(t)~|—b/ (20082s1 —ex? (s1)) sinn ( — s1) x (s1) dsi
0

t

=w((t)+ b/ sinn (t — s1) w (s1) (2 cos 25| — ew> (sl)) dsy (5.209)
0
Another substitution x| for w (s1) provides us with the third approximate solution.
t
xo=w({)+ b/ sinn (t —s1) (w (s1) + bJp) %
0

(2 08251 — ew? (s1) — 2ew (s1) bJ; — eb2J12> ds, (5.210)
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1
I = / sinn (s1 — 52) w (52) (2 Cos 257 — ew> (sz)) ds) (5.211)
0
The next approximate solution will be
t
x3=w(@®) + b/ sinn (t —s1) (w (s1) + bJp) %
0

(2 08251 — ew? (s1) — 2ebw (s1) Jo — eb21§) ds, (5.212)

S1
Jr = / sinz (s1 — s2) (w (s2) + bJ1)
0
(2 cos 25y — ew? (s2) — 2ebw (s2) Ji — eszf) ds> (5.213)
52
I = / sinn (53 — 53) w (53) (2 cos 253 — ew? (S3)) ds; (5.214)
0

Keep substituting provides us with continued integral approximate solution of the
Mathieu-Duffing equation.

t
X = w(t)—i—b/ sinn (t —s1) (w (s1) + b)) x (5.215)
0

(2 cos2s| — ew? (s1) — 2ebw (s1) Jr—1 — eb2]k2_1> ds|

Sk—i
Ji = / sinn (Sg—i+1 — Sk—i) (W (Sk—i+1) + bJi—1) (5.216)
0

(2005 25141 = €w (Skict1) (W (skmi) + 26dj1) — b I ) dsicign
1<i<k (5.217)

Si—1
Ji = / sinn (s — Sg—1) w (sg) (2 cos 2s; — ew? (sk)) dsy. (5.218)
0

Jo = (5.219)

5.3 Recursive Method

Recursive equations for the coefficients of Mathieu functions is the right way to
computerize generating Fourier series expression of Mathieu functions. Substituting
Fourier series
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o0
cex (t,b) =Y Agj (b)cos2jt
j=0

o0
cedis1 (t1,0) = ) | Aajr (b)cos (2] + 1)1
j=0

o
sexcy1 (t,b) =Y Bajr1(b)sin(2j + 1)t
j=0

o0
sexs2 (1,0) = ) Bajia (b)sin 2] +2)t
j=0
into the Mathieu equation

d2
d—tf 4 (a—2bcos2)x =0

433

(5.220)

(5.221)

(5.222)

(5.223)

(5.224)

we derive the following recursive relations for the Fourier coefficients Asj, A2jy1,

Byjt1, B2jt2.

For ceyy (¢, b) with characteristic number dc,,,

aAg—bAy =0
(a—4)A2—b2A0+A4) =0

(a = @)?) Az = b (Agjz + Asjiz) =0

For cesr 11 (¢, b) with characteristic number ac,,, , |
(@—1) A —b(A +A3) =0
(a - @2j+ 1)2) Azjy1 —b(Azj—1 + Azj33) =0

For sejiy1 (¢, b) with characteristic number dge,,, |
(@a=1)B1+b(B1—B3) =0
(a -2j+ 1)2) Byjr1 —b(Baj—1 + B2j43) =0

For sea12 (¢, b) with characteristic number age,, .,

(@a—4)By —bBy =0

j=2

j=z1

(5.225)
(5.226)

(5.227)

(5.228)
(5.229)

(5.230)
(5.231)

(5.232)



434 5 Mathieu Equation

(a — (2j)2) Baj —b(Baj—2+ Brjia) =0  j=2

(5.233)

Proof To derive these recursive equations, we may assume a solution for the

Mathieu equation in terms of Fourier series

x (¢t,b) = cei (t,b) + sepy1 (¢, b)

= Z (Aj (b)cos jt + Bj+1 (b)sin (j + 1) 1)
j=0

and separate the even and odd solutions to study them independently.

x(t,b) = x1 (t,b) + x2 (¢, b)

o0
X1 (t.b) = cex (t.b) = Y Aj (b)cos jt
j=0

o0
X3 (t.b) = sexs1 (t.b) =Y Bji1 (b)sin(j + 1)t
j=0

To calculate x; (¢, b) = cey (¢, b) we also need its second derivative
o
£ (t.b) == j2A; (b)cos jt
j=0
to substitute in the Mathieu equation.

o0
- 230 j2A; cos jt 4 (a — 2bcos 2t) ZAj cos jt =0
=0

o
>0 (a —j2> Ajcos jt —2bcosZtZAjcosjt =0
j=0

We may insert cos 2¢ into the summation by the trigonometric identity
1 1
cos Acos B = Ecos(A — B) + Ecos(A—i— B)

and hence,

(5.234)

(5.235)

(5.236)

(5.237)

(5.238)

(5.239)

(5.240)

(5.241)

(5.242)
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o0 o0
Z(a —jz)Ajcosjt ~ b Aj(cos(j—2)1+cos(j+2)1) =0
j=0 j=0
(5.243)
expanding the summation
o
Z (a —jz) Ajcos jt
Jj=0
o0 o0
—bY Ajcos(j—2)t—bY Ajcos(j+2)t=0 (5.244)
j=0 j=0
and renumbering them, we have:
o0
Z(a —jz)Ajcosjt
j=0
o0 o
—b Y Ajyacosjt—bY Ajacosjt =0 (5.245)
j=-2 j=2
To have all summations start at j = 2, we extract a few terms
o
alAo + (a — l)Alcost—}-Z(a —j2) Ajcos jt
j=2
— bAycos2t —bAjcost —bAy — bAjcost
o o0
—bY Ajyacosjt—bY Ajacosjt =0 (5.246)

j=2 j=2

but because of the terms a A and Ag cos 2¢, we need to take another step to extract
the term involving Ag from the last summation.
(@aAg —bA) + ((a—1)A; —b(A] + A3)) cost
4+ ((a—4)Ay —b(2Ay+ Ag))cos2t (5.247)
(0.¢]
+Y (a= ) Ay =b(Ajs2+ Aj)cosjt =0 (5248)
j=3

This equation must be correct for any ¢ so, the constant term as well as the
coefficients of cosine functions must all be zero. For the even coefficients A3, we
have



436 5 Mathieu Equation

aAo—bAy =0 (5.249)
(a—4) Ay — b (240 + Ag) = 0 (5.250)
(a=72)Aj=b(Ajs2+4;2) =0  j=468 (5251

and for the odd coefficients A;41 we have

(a—1)A1—b(A1+A3)=0 (5.252)

(a=72)aj=b(Aj2+A;2) =0 j=357- (5253

These are consistent with recursive equations of ceyx (¢, b) and cear4q (¢, b) in

Eqgs. (5.225)—(5.229). The recursive equations make infinite set of linear equations
to determine A; and B;.

The recursive equations for the coefficient of x (¢, b) = ser+1 (¢, b) can be
proven similarly to derive Equations (5.230)—(5.233). |

Example 188 Negative b.
If in the Mathieu equation (5.224) we replace ¢ with 7 /2 — ¢, it becomes:

d*x
7l + (a+2bcos2t)x =0 (5.254)

Then, the solutions of the Mathieu equation with period r, 27, and b being negative
are obtained if we substitute (5.220)—(5.223) in (5.254).

by — (1) T
cex (1, —b) = (=1) ce2k(2 t,b)

= (=¥ Z(—l)j Azjcos2;jt (5.255)
j=0

k T
cext1 (¢, —=b) = (=1)" cezpy1 (5 —1, b)

o0
=Y (=" Agjpicos 2j + 1)t (5.256)
j=0

b
sexur1 (1, —b) = (—1)¥ sexpy (5 -1, b)

o0
= (=¥ Z Byji1sin(2j 4+ 1)t (5.257)
Jj=0
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b
sexta (t, —b) = (=1 sexs2 (5 -1, b)

o
= (=" > Byjiasin(2j +2)¢ (5.258)
j=0

The multiplier (— ¥ is to insure that when b = 0 the functions reduce to cos nt and
sin nt.

Example 189 Recursive sequences.
Recursive equations, although very simple to understand and easy to develop, is
so practical when we have one. Any sequence is written in the form

(e} = x1, %0, %3, 000 Xy oo (5.259)
where x; will be calculated based on the previous members of the sequence,
calculated by an equation. The equation is the key to determine the following

members. Assume there exist numbers aj, az, as, ..., such that starting from a
certain number j, we determine the members j + k from a recursion relation.

Xjtk = Q1 Xj4k—1 + Q2Xjpk—2 + - + aX; jzk>1 (5.260)
The name “recursion” is used because we must turn back to the preceding members
to obtain the following one.
Recursive relations are imbedded in mathematics, starting with sequence of
natural numbers in which every number is the previous number plus one.

N={x;x,+1=xx+1Lx1=1}={1,2,3,...} (5.261)

We may derive a recursive equation such as (5.260) by doing some calculation:

X1 =X+ 1 Xk42 = X1 + 1 (5.262)
X4l — Xk = Xk42 — Xyl (5.263)
X2 = 2Xp41 — Xk (5.264)

The set of natural numbers is the simplest arithmetic progression in which every
member is equal to the previous member plus a constant.

A={x;x01 =xx +7}={x1,r +x1,2r +x1,...} (5.265)

Xk+2 = 2Xg4+1 — Xk (5.266)

As can be seen, the recursive equations (5.264) and (5.266) are the same, indicating

that in order to start a sequence, we do need to know the first and second members
of the sequence, x1, x> to start the sequential chain.
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The geometric progression is another familiar recursive set in which every
member is equal to the previous member times a number.

G = {x; xp41 =rxp} = {xl, rxy, rixg, rxg, } (5.267)
2
X
Xppp = <L (5.268)
Xk

The famous Fibonacci sequence is such that each member is equal to the sum of the
previous two members.

F = {x; xpq2 = xx + X1} (5.269)

Fibonacci sequence appeared to answer the question of the number of pairs of adult
rabbits descending from one pair in a year if it is known that each adult pair of
rabbits gives birth to a new pair every month, and the newborn pairs become adult
in a month. The sequence whose terms express the total number of adult pairs of
rabbits at the initial moment x1, in a month x7, in 2 months x3 and in general after k
months is x4 1, starting with x; = 1. One newborn pair will be added a month later,
but the number of adult pairs will still be x, = 1. In 2 months the little rabbits will
become adult and the total number of adult pairs will be x3 = 2, while one new pair
was just born to be adult in a month. Hence, in 3 months the number of adult pairs
will be 3, while two new pairs are born. Assume that we have calculated the number
of adult pairs after k — 1 months to be xi, and after kK months, x;11. By this time
the xj adult pairs that existed before will have an offspring of x; additional pairs, so
that after kK 4+ 1 months the total number of adult pairs will be

Xk+2 = Xk + Xi+1 (5.270)
showing a sequence of (Markushevich 1983),
F={1,1,2,3,58,13,21,...} (5.271)

It is good to mention that it is not easy to determine the recursion relation of every
sequence. The sequence of prime numbers is an example.

P=1{2,3,5711,13,17,19,23,...} (5.272)

Example 190 Mathieu functions using recursive equations.
The periodic solution of the Mathieu function ceyy, (¢, b) is expressed by

o0
cex (t.b) =Y Agjcos2jt (5.273)
j=0
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where its coefficients are:

aAg—bAr =0 (5.274)
(@—4) Ay —b QAo+ Ag) =0 (5.275)

(a _ (2j)2) Azj—b(Azja+ Azja) =0  j=>2 (5.276)
The first equation indicates that A, can be found as a function of Ao,
a
Ay = ZAO 5.277)
and then, A4 from the second equation
1
Ay = b ((a—4) Ay —2bAo)
A
= 20 (a2 —op? — 4a) (5.278)

T 22

and the next coefficients from the recursive equation.

1
Ag = 5 ((@a —16) Ay — bAz)

=23 (a3 — 4ab? — 20a* + 64a + 32b2) (5.279)

1
Ag = 5 ((a —36) Ag — bAg)

_ A 4 3 2,2 2
= 2 (a* = 560> = 5a%p? + 784a”)
AO 2 4 2
5 (180ab —2304a + 2b* — 1152b) (5.280)

The Aj, j =1,2,3, ... give implicit functions of A; = As; (a, b, Ag). Assuming
Ag = 1, Fig. 5.16 illustrates the plot of the implicit functions in the (a, b)-plane.

The transition curves from the equations get to the exact position very soon
for low values of b. In the figure, the transition curves for Ajy and Ao are not
distinguishable for » < 10.

In this method, we do not get the transition curves as a = a (b) individually.
Every coefficients Az; of cos2jt is found as an implicit function of Az; =
Ajj (a, b). By setting a value for a = ag, we will be able to calculate the values
of b where the varietal line a = ag intersects with transition lines, assuming the
horizontal axis of the stability chart is a and the vertical axis is b. Alternatively, we
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20 30 40 50 60 70

Fig. 5.16 Implicit plot of Ag, A2, A2, for Ag = 1, in (a, b)-plane

Table 5.2 The values of b on transition curves for a = 0, from Aj;

Ag Ao

Ay

Ay

Ao

24 +21.46625258

+21.30425205

+21.29872544

+21.29863121

+90.12285419

+72.27778758

+69.42921246

+147.6986417

Table 5.3 The values of a on transition curves for b = 5, from A, b

Ag A A1a Ao
6.297273633 6.294538625 6.294538600 6.294538600

18.70845621 18.67614617 18.67614562 18.67614562
37.26885549 36.41057157 36.41052760 36.41052754
64.20485750 64.19900060 64.19898651

100.6886967 100.1296740 100.1263693

144.5649242 144.0874473

196.0641174

256.0499575

324.3667208

may set a value for b = by, and calculate the values of @ where the horizontal line
b = bg intersects with transition lines. As an example, let us set a = 0 to calculate
where the transition curves hit the vertical axis b = 0. Table 5.2 indicates the values
of b on transition curves for a = 0, from A3}, and Table 5.3 indicates the values of
a on transition curves for b = 5, from Aj;. Increasing j will give longer equations
for A;; but better approximation for the points on transition curves.

The periodic solution of the Mathieu function ces+1 (¢, b) is expressed by

o0
cedr1 (1.b) = ) | Agjircos (2j + D)t (5.281)

j=0
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where its coefficients are:
(a—1)A1—b(A1+A3) =0 (5.282)
(a —Qj+ 1)2) Agjir—b(Agj 1+ Agjiz) =0  j>1  (5283)
Using the first equation we can find A3 as a function of A,
1
As=a-b-1A (5.284)
and next coefficients form the recursive equation.
1
As = b ((a—9) A3 —bA))
Al (9 2
=b—2(a —ab—b —10a+9b+9) (5.285)
1
A7 = 5 ((a —25) As — bA3)
A
= b—; (a3 — a®b — 35a% — 2ab* + 34ab)
Al 3 2
+ﬁ (259a + b’ 4+ 26b° — 225b — 225) (5.286)
1
Ag = A ((a —36) A7 — bAs)
A
- b—; <a4 — a%b — 843 — 3a2b? + 83a%b + 1974a2)
A
51 (2ab* + 134ab® — 1891ab — 129164 )
A
+b—j <b4 — 58b3 — 1283b% + 11025b + 11025) (5.287)
The Azj11, j = 1,2,... also give implicit functions Azj11 = Azj41 (a, b, Ay).

Assuming A; = 1, Fig.5.17 illustrates the plot of the implicit functions in the

(a, b)-plane.

The periodic solution of the Mathieu function sez1 (¢, b) is expressed by

S
sex+1 (t,b) = ZBQJ'_H sin(2j + 1)t
=0

(5.288)



442

5 Mathieu Equation

30T 4,=1
As

201
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10 12

Az
0 - . .
0 10 20 30 40 50

a

Fig. 5.17 Implicit plot of A7, A1, Ay, for A} = 1, in (a, b)-plane

and its coefficients are:

(a—1)B1+b(B1—B3) =0

(a - (2j+ 1)2> Byjt1 — b (Baj—1 + B2j43) =0
Using the first equation we find B3 as a function of B,
1
B3=Z(a+b—1)Bl

and other coefficients form the recursive equation.

1
Bs=l—)((a—9)33—b31)
=B 24 ab—10a — b2 —9b+9
_b2 a a

1
B; = 5 ((a —25)Bs —bB3)

B

_ 21 ( 3 4 4% —354% — 2ab® — 34ab)

b3

j=1

By 3 2
+53 (259a — b3 4+ 26b% + 225b — 225)

1
By = 3 ((a — 36) B; — bBs)

(5.289)
(5.290)

(5.291)

(5.292)

(5.293)
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30
By By,
201
b
10
0 ! ' ! ! !
0 10 20 30 40 50
a
Fig. 5.18 Implicit plot of B7, By, Blg, for Bj = 1, in (a, b)-plane
B
= b—i (a4 +a®b — 84a® — 3a2b% — 83a%b + 1974a2>
By 3 2
+o7 (—2ab + 134ab® + 1891ab — 12916a)
B
er—41 (b4 +58b3 — 1283b% — 11025b + 11025) (5.294)

The Byjy1, j = 1,2, 3, ... give implicit functions of Byj1 = Bajy1 (a, b, Ay).
Assuming By = 1, Fig. 5.18 illustrates the plot of the implicit functions in the (a, b)-

plane.

Similarly, the periodic solution of the Mathieu function sey; 42 (¢, b) is expressed

by

oo
sex+2 (1.b) = ) Bajasin (2) +2)1
j=0

where its coefficients are:
(a—4)By —bBys =0

(a - (2,‘)2) Byj—b(Baja+ Bajia) =0  j>2
Using the first equation we find B4 as a function of By,
1
By = EBQ (a—4) By

and the other coefficients form the recursive equation.

(5.295)

(5.296)
(5.297)

(5.298)
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0 10 20 30 40 50
a

Fig. 5.19 Implicit plot of Bg, B12, By, for B, = 1, in (a, b)-plane

1
Bs = ((a = 16) B4 — bBy)

B
= b—j (a2 — b —20a + 64) (5.299)

1
By = ((a = 36) Bs — bBa)

= (a3 — 2ab? — 564 + 40b* + 784a — 2304) (5.300)

1
By = 3 ((a — 64) Bg — bBg)

B
=2 (a4 —3a%b? + b* — 120d° + 188ab2)
b4
By 2 2
+o (4368a — 2624b — 524804 + 147456) (5.301)

The Byji2, j = 2,3, ... give implicit functions of Byjy» = Bzji2(a, b, By).
Assuming By = 1, Fig.5.19 illustrates the plot of the implicit functions in the
(a, b)-plane.

To examine how exact the recursive equations can determine the stability chart
of the Mathieu equation, we calculated the terms A3zg, A29, B2g, B3g and plot them
in Fig. 5.20. Although the transient curves are very well for b < 10, they are not as
well for b > 20.

Example 191 Recursive equations proof.
The common method of proof for recursive equations is the induction method in
which we check the correctness of the equation for j = 1, 2, 3, assume it is correct
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301

201

10

40 50 60 70
a

Fig. 5.20 ImpliCit plOt of A30, A29, Bzg, B30, for A1 = 1, A() = 1, 31 = 1, Bz = 1, in (a, b)-
plane

for j = k, then prove that it is correct for j = k + 1. As an example, let prove the
geometric progression formula.

s 3 n_l_rn—H
Lhrdri+r 4ot = —— (5.302)
—r

The equation is correct for n = 0, 1, 2. We suppose that it is correct for n = k

. 1— rk+l

1+r+r2+r3+...+r :—1 (5303)
—r
and we will prove it is correct forn = k + 1.
1 — pk+1 rk+1 B 1 — pk+1 + phtl _ k42
1—-r N 1—-r
1— l"k+2
= — (5.304)
1—r

Example 192 Orthogonality of cos nt and sin nt.
Two real continuous functions y; (t) and y, () are said to be orthogonal for the
range (71, t2) if

/12 Yr(T) ys (1) dT = p (5.305)

1

1 r=s
Spg = .
rs {Or#s (5.306)
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Assume x; and x; to be two solutions of
d*x
el + (a —2bcos2t)x =0 (5.307)

for the same value of b and different a.

d*x, 4 (ay —2bcos2t)x; =0 (5.308)
—_— al — COS X1 = .

dt2 1 1

d*x;

— -+ (@ = 2beos2)x =0 (5.30)

Multiplying the first equation by x; and the second equation by x| and subtracting
them, we have:

X1xp — x1X2 = (ap — ay1) x1x3 (5.310)

Integrating both sides of this equation between r = 0 and r = 27 we get

2
[%1200 — x1 02137 = (a2 — al)/ x1x2dt (5.311)
0

The left-hand side will be zero because both x; = ce, (¢, b) and x, = ces (¢, b) are
2m -periodic functions. Therefore,

2 2
/ X1xdt = / cer (t,b) ces (t,b)dt = w5 (5.312)
0 0

indicating that ce, (¢, b) and ces (¢, b) are orthogonal. Similarly, we have:
2
/ sey (t,b) ses (t,b)dt = mds (5.313)
0

2
/ sey (t,b) ces (t,b)dt =0 (5.314)
0

Example 193 Normalization and limit of Mathieu functions.
It is common to normalize the Mathieu functions such that:

27
f Rdr=n (5.315)
0

and as we have seen, the limit of the Mathieu functions for » — 0 are:

li t) = 5.316
Jim ceo () ( )

Sl -
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lim ce, (t) = cosnt (5.317)
b—0

I}in})ser (t) = sinnt (5.318)

5.4 Determinant Method

Employing the recurrence relations (5.225)—(5.233) we may rewrite them in matrix
form. The resultant system of algebraic equation may have nontrivial solutions if
the determinant of the coefficient matrix is zero. The determinant will be an implicit
algebraic equation for a and » which we can solve by assigning b and looking for all
a satisfying the equation. Applying this method for all a., and a;, will determine
all a on stability curves for that particular b. Repeating the method for another b
determines the characteristic numbers.
The recursive equations for ac.,,

aAg—bA, =0 (5.319)
(a—4) Ay — b (2Ag + Ag) =0 (5.320)

(= @)?) Az —b(Agja+Arjia) =0 j=z2  (5321)

may be put in matrix form

—a b 0 0o .- Ao 0

2b2>—a b 0 || a, 0

0 b 4—a b —||lal_lo (5.322)
0

0 0 b 62—a . || A4s

The determinant of the coefficient matrix must be zero in order to have nontrivial
solutions for the system of equations. The diagonal terms of a — (2 ) remind that
we will be determining a values on stability curves branched from a = (2j )2
Therefore, we may cut the matrix depending on how many branches of the stability
chart we are interested in. The 4 x 4 determinant of the coefficient matrix of
(5.322) is:

—a b 0 0

2b22—a b 0

0 b 4-a b

0 0 b 6*—a

=0 (5.323)
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a* — 56a° + (784 - 4b2) >
+ (1441)2 - 2304) a+ (2b4 - 1152b2) =0 (5.324)

The solutions of this equation for b = 0 are a = 0, 4, 16, 36, and in general
a= (2j)2, j=1,2,3,.--. The solutions for a sample value of b say b = 1 are

b=1
a = —.4609133357, 4.294402271, 16.11642759, 36.01436823 (5.325)

Working with a larger matrix will increase the accuracy of the results and determines
more branches of stability curves.

Proof Looking for the periodic solutions of the Mathieu equation, we guessed a
Fourier series solution of the form

x (t,b) = cex (t,b) + sex+1 (¢, b) (5.326)
= Z (Aj (b)cos jt+ Bjr1 (b)sin(j + 1) t) (5.327)
j=0

and try to fit this into the Mathieu equation. This process generated a set of algebraic
relations among the unknown coefficients A ; and B;. These equations for a..,, are:
aAg—bAy =0 (5.328)

(@a—4)A>—b(2Ag+ Ay) =0 (5.329)

(= @) A2y =b(Agja+ Azjua) =0 jz2  (5330)

The first and second equations are individual while the third equation indicates
a recursive relation among the three consecutive coefficients that enable us to
computerize the calculation of the coefficients as many as we wish. We may put
these equations in a matrix form

a —b 0 o ... Ao 0
—2ba—-2> —b 0 || 4, 0

0 —b a—4 —b - |la,l_1o0 (5.331)
0

0 0 —b a—62". || As

which is equivalent to (5.322). To have nonzero A;; we must have the determinant
of the coefficient matrix to be zero. Practically we need to cut the number of



5.4 Determinant Method 449

equation at some point depending on the desired accuracy and the number of
interested branches of the stability curves on the Mathieu stability chart in (a, b)-
plane. The determinant of (5.331) provides us with an implicit equation of a and b.
The determinant equation for a 4 x 4 matrix gives us

a —b 0 0

—2ba—-2% —b 0
0 —b a—4*> —b
0 0 —-b a-—6°

=0 (5.332)

a* — 564> — 4a*b* + 784a* + 144ab?
— 2304a +2b* — 115202 = 0 (5.333)

and a 5 x 5 matrix gives us

a —b 0 0 0
—2ba-2% —b 0 0
0

0 —-b a—4* —b =0 (5.334)
0 0 b a—6* —b
0 0 0 b a-8°

a® — 120a* — 5a°b? + 4368a> + 420a°b* — 524804
+5ab* — 10432ab? + 147456a — 160b* +73728b> =0 (5.335)
The single Eq. (5.333) can provide all stability curves associated to a.,, branching
from a = 0, 4, 16, and 36. Figure 5.21 illustrates the implicit plot of (5.333) for
—10 < a < 60 and 0 < b < 20. To be able to compare the numerical accuracy of
the equation, let us determine the values of a for a fixed value of b, say b = 5.
b=>5
a = —6.274585339, 6.297273633, 18.70845622, 37.26885549 (5.336)
Similarly, Eq. (5.335) provides all stability curves associated to ac,,, branching
from a = 0, 4, 16, 36, and 64. Figure 5.22 illustrates the implicit plot of (5.335) for
—10 <a <80and 0 < b < 20. The line b = 5 intersects the curves at:
b=5
a = —6.274809847, 6.294551463, 18.67637134, 36.42240081,
64.88148624 (5.337)

Comparing the roots (5.336) and (5.337) indicates that working with a larger
determinant not only discovers more branches of the stability chart associated to
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b
=)

10

N

b= th
\

-10 0 10
a

Fig. 5.21 The implicit plot of stability curves associated to a,.,, branching from a = 0, 4, 16, and
36 using the determinant of the 4 x 4 coefficients matrix

A
FAY)

15

7

-10 10 20 30 60 70

Fig. 5.22 The implicit plot of stability curves associated to a,.,, branching from a = 0, 4, 16, and
36 using the determinant of the 4 x 4 coefficients matrix

higher values of a, the accuracy of the stability curves of the lower branches will
improve as well. This fact will help to calculate the characteristic numbers for
higher values of b beyond the point that series solution are ill to give a reasonable
approximation. Figure 5.23 compares the stability curves for the 4 x 4 determinant
and the 5 x 5 determinant, as well as a 10 x 10 determinant. Table 5.4 compares the
characteristic points for b = 0 and different rank of the coefficient matrices.

The recursive equations for dce,,

(@—4) A —b(A +A3) =0 (5.338)

(a—(2j+1)2)A2j+1—b(Azj_1+A2j+3)=0 i=1 (5339
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o
15
b
10 4-by-4-matrix
B ; 5 by § matrix
\ / / / 10 by 10 matrix
7 .
0

10 20 30 40 50 60 70
a

-10

Fig. 5.23 The implicit plot of transition curves of ac.,, branching from a = 0, 4, 16, 36 using the
determinant of the different order coefficients matrices

Table 5.4 Characteristic values of ace,, for b =5 fromn x n
determinant

4 x4 5x5 10 x 10

acey | —6.274585339 | —6.274809847 | —6.274810608
%) 6.297273633 | 6.294551463 6.294538600
aces | 18.70845622 18.67637134 18.67614562
aces | 37.26885549 36.42240081 36.41052754

Acel 64.88148624 64.19898651
Acel0 100.1263693
Aeel2 144.0874473
Aceld 196.0641161
Aeel6 256.0490263
Acel8 324.0393750

make the matrix form equations of

[14+b—a b 0 0 - ra 0
2b 32 —a 2b 0 || A5 0
0 b 5 —a b As | = |0 (5.340)
0 0 b T-a A7 0
The recursive equations for age,, , |
(@a—1)Bi+b(Bi—B3) =0 (5.341)

(a=@j+1%) Bayr = b (Byjor + Byjya) =0 j=1 (534)
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make the matrix form equations of

l—b—a b 0 o - A 0
26 3%*-a b 0 As 0
0 b 5*—a b As|— o (5.343)
0 0 b T*—a . || A 0
The recursive equations for dge,,, ,
(a—4)B,—bBs =0 (5.344)
(a= i) Boj = b (Boja+ Brjua) =0 jz2  (5345)
may also be expressed in matrix form.
22—a b 0 o - Ay 0
b 4—a b 0 || Ay 0
0 b &-a b - llag|_|o0 (5.346)
0

0 0 b 8 —a - || A8

These are straightforward matrix representations of the recursive equations. To have
nonzero solutions for the coefficients A; and B;, the determinant of the coefficient
matrices must be zero. The determinants give implicit equations of a and b of the
order equal to the rank of the cut matrix. The four classes of matrix equations will

collectively make the whole stability chart of the Mathieu equation. |
Example 194 % A comment on numerical characteristic numbers from determinant
equations.

Some researchers suggest to substitute @ = n® + a1b + axb® + --- in the

determinant equations and sort them for powers of b. Recalling that the equations
must be true for every value of b requires that the coefficients of ' to be zero. The
coefficients are polynomial of a. The roots of the polynomials will determine a;
of the characteristic power series. There is no need and we do not recommend this
method. The reason is that we lower the level of accuracy of the implicit determinant
equations to the level of the series solutions (5.112)—(5.120), losing the advantages
of the determinant method.

Example 195 Modified matrix method.
There are alternative matrix forms to present the recursive equations. As an
example we may introduce
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—b
a—j2

P; =

and use the recursive equations for ac,, (5.319)-(5.319) to become
Ao+ PpAr =0
2P)Ag+ Ay + PbA4 =0
PjAzj o+ Asj+ PrjA2jio =0  j=2

453

(5.347)

(5.348)
(5.349)
(5.350)

Expanding and rearranging these equation provide a set of algebraic equations.

Ay +PpAr =0
2PAy  +Ay +PAy =0
PiAy  +As +PsAe =0

+PsAs  +A¢ +PsAs =0

o

The determinant of the coefficients must be zero.

1 PO O O ---
2P, 1 P, O O ---

0 P41 PLO---|=p

0 0 P 1 Pg---

o .../=0

(5.351)

(5.352)

(5.353)

The parameter b of the Mathieu equation is considered to be known and therefore
the determinant is a function of a. The alternative matrix expression of characteristic

nuUmber @ceyy, ;s Asey,y AN dsey,,, May be found similarly.
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5.5 Continued Fractions of Characteristic Numbers
The periodic solution of the Mathieu equation

d*x

ol 4+ (a—2bcos2t)x =0 (5.354)

is expressed by Fourier series, classified in four groups

o

cex (t.b) = Y Ayj (a, b)cos2jt (5.355)
j=0
o

Ce2k+1 (t, b) = Z A2j+l (a, b) COS (2] + 1)l (5.356)
j=0
o

sexct1(t,b) =Y Bajyi1(a, b)sin(2j + 1)t (5.357)
j=0
o

sexi2(t.b) =Y Baji2(a.b)sin(2j +2)¢ (5.358)
Jj=0

where coefficients Az, Azj11, Baj+1, B2j12 are functions of a and b such that the
solution of every group is associated with a transition curve a = dee,, (b), a =

Aceppy (b), a = aseZk-H (b), a = Aserpin (b)

Acey, (D) m-periodic, even solution (5.359)
Aeeysy (D) 2w -periodic, even solution (5.360)
Aseryy (D) 2m-periodic, odd solution (5.361)
Aseryr (D) m-periodic, odd solution (5.362)

The characteristic numbers a = a (b) on which the Mathieu equation shows periodic
response can be expressed by continued fractions as follows:
Characteristic numbers ac.,,

a 2 1 1 1 5363
b a—4 a—16 a—36 4_ ;2 (5-363)
b b b b
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Characteristic numbers dce,, .,

a—1 1 1 1 1
1=

b a-9 a—25 a—49 ,_ )2
b b b b
j=3.5709,-

Characteristic numbers a;e,, |

a—1 1 1 1 1
+1=

b a—9 a-—-25 a-—49 a—j2
b b b b
j=31577’97"'

Characteristic numbers d;e,,,,

a—4 1 1 1 1
b~ a—-16 a-36 a—64 ,_ ;2
b b b b
i =46810,-
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(5.365)

(5.366)

(5.367)

(5.368)

(5.369)

(5.370)

Proof Substituting (5.355)—(5.358) in the Mathieu equation, one by one, generates
the following recursive equation among the coefficients Az, A2jy1, B2j+1, B2jyo.

For the coefficients of ceyy (¢, b) we have:

aAg—bAy; =0
(a—4)Ay —b2Ag+ Ay) =0

(a=@)?) Azj = b(Azj2+ Azjia) =0 jz2

For the coefficients of ceyr+1 (¢, b) we have:

(a—1DA —b(A1+A3) =0

(a —Qj+ 1)2) Azjii—b(Azj1+Agja) =0 j>1

For the coefficients of sexx41 (¢, b) we have:

(@a—1)Bi+b(B—B3) =0

(a = @j+1D?) Bajrr = b (Byjmr + Bajya) =0 j =1

(5.371)
(5.372)

(5.373)

(5.374)
(5.375)

(5.376)
(5.377)
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For the coefficients of sexr42 (¢, b) we have:
(a—4)B, —bBy =0

(= @)?) Boj—b(Brjat Brjya) =0 j =2

(5.378)
(5.379)

Let us consider the recursive coefficients of ceyx (¢, b) in Egs. (5.371)—-(5.373). We

define
Ay
Gyj = —1-
Azj 2
)
a—]
Q; = 5

to rewrite the recursive equation (5.373).

Avjor  Azjur _a—(2))°

= j > 2
Az Ayj b
Azji 1 a-@))?
Agl A2j b
Arjo
Employing G;; and Q; yields
I _a—-@j)’
G ; _— ;
2j+2 + G2j b QZ]
that we can calculate G;
G 1
2= S
T 00— Gajio

Substituting for G4 on the right-hand side

1

Oy ——i—
Q2j42 — Gojya

provides us with a continued fraction equation that is applied for j > 2.

_ 1 1 1
Ooj— Q2jyo— Q2jya—

Gy

(5.380)

(5.381)

(5.382)

(5.383)

(5.384)

(5.385)

(5.386)

(5.387)
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Setting j = 2 generates the following continued fraction:

1 1 1 1

Gy = e (5.388)
04— Q6— 08— Qio—
Equations (5.371)-(5.372)
Gy = Qo (5.389)
2
Gy = - — 5.390
4= G, ( )
give us
G 2 (5.391)
2= - .
07— Gy
which changes the continued fraction to:
0 2 1 1 1 1 (5.392)
0= .. .
02— Q4— Q¢— 08— Qio—
Substituting for Q ; leads to a continued fraction between a and b.
a 2 1 1 1
b a—4 a—16 a—36 a—64 (5-393)
b b b b
2b? b’ b* b3
a = (5.394)

a—4— a—16— a—36— a— 64—

Following the same procedure, we will be able to derive the other continued
fractions as below (Arscott 1964).
Characteristic numbers dce,,, ,

1 1 1 1 1

01— 1= . (5.395)
: 03— Q05— 07— Q9— Q11—
a—1 - 1 1 1
b = a—-9 a-—-25 a-—-49
b b b
b? b3 bt
a—1-b= (5.396)

a—9—a—25—a—49—
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Characteristic numbers dse,, , |

1 1 1 1 1

01+ 1=
03— Q05— 07— Qo9— Q11—
a-1 . _ 1 1 1
=09 2= a=a
b b b
b2 b3 bt
a—14+b=

a—9-a—25—a—49—
Characteristic numbers dase,, , ,

1 1 1 1

Q2= 04— Q¢— 08— Q10—
a—4 1 1 1
b a—16 a—-36 a—64
b b b
b2 b’ bt
a—4=

a—16—a—36—a—64—

Example 196 Alternative method for continued fractions.
The recursive equations for the coefficients of ceyy (¢, b) are:

aAyg —bAy; =0

(a—4)Ay —2bAyg —bA4 =0

(a— @)?) Agj —bAzj 2 —bArj2 =0 j=22

Let us introduce

A A A
=2 V=2 VoVo = =2

Vo =
Ap A Ag

to have the second equation

Ay
Ao
(a—4dHVy—2b—bVyV, =0

A
a—H2 b2t -
Ag

(5.397)

(5.398)

(5.399)

(5.400)

(5.401)

(5.402)

(5.403)
(5.404)

(5.405)

(5.4006)

(5.407)

(5.408)
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—Vo(a—4—->bVy)) =-2b

In the same way,

Vajo = 2= ——
! Azj o ! Ajj

we may write the third recurrence relations:
(a = @) Azj = bAzj2 = bAzji2 =0

(a - (2j)2> Vaja—b—0bV2j2V2; =0

b
42 .
—V3j 2= 2 | 5 j=2
452 " 42"
Substituting j = 2 in —V;;_5 yields
b
T 16
' e by
16 16 °

and upon replacing this into the equation for —Vj we get

459

(5.409)

(5.410)

(5.411)

(5.412)

(5.413)

(5.414)

(5.415)

(5.416)

(5.417)

b
_ 2
Vo= -
! 64
1—-a-— 7 . b y
16" 16 '
Continuing on in this substitution we ultimately get the infinite continued fractions
for —Vj.
b b2 b2 b2
v 2 64 576 16j2( —1)?
0= 4 | @ a a

- 1= ——
4 16 36 42
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From (5.406) and (5.403), we have

Vo = A2 o a
T T4 T b
Ay Azjin
Vo= — Voj = It
Ar A2j

so the continued fractions formula for —V;; becomes

b2 b2 b2 bz
; 2 64 576 16j2(j — 1)
- a a a a
l——— 1= —— 1 — —— l— ——
4 16 36 452

We may modify the equation to be easier for computerization,

b? b? b?
g2 L 16 1 36
1_4_4,_2_16_2_
4 16 36
b2 b2
L & ! i
1 . =2
36,9 ag-on?,_a vy
64 42 452
where
b2 b2
4 _ 16
Zl - 1 a l Z2 - a 1
4 3% 6 167
b2
_ 42
= a 1

(5.418)

(5.419)

(5.420)

(5.421)

(5.422)

(5.423)

Because lim; o, z; — 0, the continued fraction (5.421) is converging. We assumed

and found a and b on c,, transition curve using the following algorithm.

For the transition curve corresponding to sezi+1, the following recursive equali-

ties will be used to calculate ay,,, , ;:

(@a—1)B+b(B—B3) =0

(a—(2j+1)2) BZj+1_b(BZj—l+BZj+3)=O j>1

(5.424)
(5.425)
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The first equation may be written as:

a=1-b+bW, (5.426)
where
wi=2 =B B (5.427)
1= B, 3= B W3 = B, .
Bjii
Wajo1 = 2 o (5.428)
2j—1
and
b2
Wajy = b _ @j+1)?
T a—@j - bW @ Wajm

Q@i+ @j+1)?
(5.429)
Substituting (5.429) in (5.426) provides the equation we need for calculating the
characteristic numbers

a=1-—b-17 (5.430)
where
b? b?
_ 32 _ 52
71 = 7 I = P 1 (5.431)
=y gy =255
b2
2j+1)?
= _ . (5.432)

_ B .
Qj+12  @j+n2T

Using a similar algorithm as above, the transition curves corresponding to se,—1
will be found.

Example 197 Continued fractions algorithm for characteristic numbers.

The characteristic numbers of the Mathieu equation may be calculated by contin-
ued fractions method expressed in Egs. (5.421)—(5.423). To practically employ these
equations we have to solve two problems. First, the parameter a is appearing on both
sides of the equation and hence, calculating a for a given b is not straightforward.
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Second, we need infinity number of terms to get exact value. To solve the second
problem, we may truncate the continued fraction at a large number of terms
considering lim;_, o z; — 0. Practically, a few terms of the continued fraction
are enough to provide a good approximation. To solve the first problem, we may set
banda=n%,n=0,1,2,3,--- and calculate enough number of terms to calculate
the approximate a for the set value of b. Let us assume z; = 0 to cut all terms after
the 21th term. The following algorithm may be used to computerize the process of
calculating characteristic numbers dc,, .

Continued Fractions Algorithm
1. set b,
2. seta=n%,neN
3. while E;, < ¢
b%/1600
4. setzp0 = ——
1 —a/1600

b?/ (47%)
1= (a+2zj11)/(4/%)

9,1

. fori from 1to 19 set j = 20 — i and calculate z; =

6. seta = —2z;

5.6 Chapter Summary

Mathieu equation is a linear parametric differential equation,

d*x
o7 4+ (a—2bcos2t)x =0 (5.433)

that depending on the values of a and b, the solution of the equation may be unstable,
periodic, or stable. Therefore, the (a, b)-plane be divided into stable and unstable
regions which will be separated by transition curves on which the equation may
provide periodic response. The transition curves make the stability chart of the
equation.

The Mathieu equation has no solution expressed by elementary functions. Due
to the importance of the solution and the stability chart of the equation, many
approximation methods have been developed or employed to study the equation
that many of them could be used to study similar equations.

Searching periodic solutions in the form

o0 o0
x=cosnt+ Y b'fi(t) a=n"+) ab (5.434)
i=1 i=1
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or

o0 o0
x:sinnt+Zbigi(t) a:nz—i—Zcibi
i=1 i=1

will provide solutions called Mathieu function in four groups.

o
cex (t,b) = Z A% (b) cos 2t
=0

oo

cexis1 (t,b) = Z Agf;.fl (b)cos (2j + 1)t
j=0
o0

sexnt1 (1,0) = ) By i) (b)sin 2) + D)1

j=0

o
sexa (1,b) = Y B3y 15 (b)sin (2j +2)1
j=0

The Mathieu functions are associated to their characteristic numbers.

a = Aeey, m-periodic, even solution
a = ey, 27 -periodic, even solution
a = Gseypy 27w -periodic, odd solution
a = ey sy m-periodic, odd solution

A few of the functions and characteristic numbers are:

b b? b’ 1
ceg(t,b) =1— —cos2t + — cos4t + — | cos 2t — §cos6t

2 32 128
+ bt (2 4r + ! 8t ) +
— | — COS — COS e
512\ 9 144
1 6% 20p°  68687h8

b) = ——b2 Ao
aceo( ) 2 + 128 2304 * 18874368

123707510 N 8022167579b12
104857600 = 19568944742400

463

(5.435)

(5.436)

(5.437)

(5.438)

(5.439)

(5.440)
(5.441)
(5.442)
(5.443)

(5.444)

(5.445)
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2

b b 1
cey (t,b) = cost — gcos3t + o <— cos 3t + 3 cosSt)

b /1 4 1
——— | =cos3t — —cos5t + — cos 7t
512 \ 3 9 18

+ b4 1 3t + ! 5t ! Tt + ! ot
— | — COS — COS — — COS — COS
4096 \ 9 6 12 180

+.- (5.446)

(t,b) in¢t b 3t+b2 '3t+1 in 5¢
= Sinf7 — — CoS — | S1n — Sin
serth 8 64 3

" (L 3l‘+4 in 5t + L Tt
——— | = sin — sin — sin
512 \3 9 18

+ L 1 3t+l 5t + ! Tt + ! ot
— | —— COS — COS — COS — COS
4096 9 6 12 180

+- - (5.447)

)= aw (y=14p- LB
Geer 19) = Gser - 8 64 1536 ' 36864

49p5 557 83p8
580824 T 9437184 35389440
121215° 114299 10
15099494400 1630745395200

(5.448)

(t,b) 2t + b 4 + ¥ 19 2t + ! 61
= COS — COS — —— COS — COS
cezth 12 ANE 4

il 1 4t 4 ! 8t ) + (5.449)
———— | —cos — COS o .
1152 \ 4 20

502 763b*  10024010° 166906840158
T2 T 13824 T 79626240 458647142400
4363384401463b'°

3608530556313600

Acey b) =4+

(5.450)
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: b . (1. 1.
ser (t,b) = sin2t — — sindt + — ——s1n2t+Zsm6t

12 9 \ 3
+ b 4t ! 8t ) + (5.451)
—— | COS — — COS ... .
1536 15
b? 5b% 289p° 2139158
asez(b):4__+ - +
12 ' 13824 79626240 @ 458647142400

2499767b10 N
3698530556313600

(5.452)

The coefficients of the Mathieu functions may be found by a set of recursive
equations. For cey (¢, b) with characteristic number ac.,,

aAg—bAy =0 (5.453)
(@—4) Ay —b(Q2Ag+ As) =0 (5.454)

<a - (2j)2) Azj—b(Azja+Agja) =0  j>2 (5.455)
For ceyy1 (¢, b) with characteristic number ace,, ., |

(@—1) A1 —b(A +43) =0 (5.456)

(a=@j+ 1) Aojr = b (Agjo1 + Aojuz) =0 j=1 (5457)
For sea11 (¢, b) with characteristic number age,,

(@a-—1)B +b(B1—B3)=0 (5.458)

(a=@j+1D?) Bajrr b (Byjoy + Bajsa) =0 j =1 (5459)
For sea12 (¢, b) with characteristic number age,, .,

(@a—4)By —bBy =0 (5.460)

(a=@)?) Boj—b(Byjat Brjya) =0 j=2  (546D)

These equations may be found similarly for other differential equations. Having
such recursive equations is the base of several other approximate solutions such as
determinant and continued fractions. The goal of all approximate methods at this
point is to derive the transition curves a = a (b) as accurate as possible.
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5.7 Key Symbols

a=Xx Acceleration
a,b, A, B Parameters of the Mathieu equation
(a, b) Points on periodic curves of Mathieu stability chart
Aeey Characteristic numbers for Mathieu function cexy
Qeerps Characteristic numbers for Mathieu function cep41
A Cross-sectional area
A Coefficient matrix
A, B Coefficient
b Lateral distance of a wheel from longitudinal x-axis
b final The final value of b for which E,, being calculated
ce Cosine elliptic Mathieu function
Ci,Cy Initial conditions
e(t) Periodic function
e=c/b Coefficient of nonlinear term in Mathieu-Duffing
E Energy
El Flexural rigidity
18 Function
F Initial axial tension
gg Gravitational acceleration
G Continued fraction parameter of Mathieu functions
H Heaviside function
H Dimensionless height
1 Mass moment
I Identity matrix
Ji Integral short notation
k Stiffness
ki, ky, k3 Parameters of Mathieu-Duffing equation
Kinetic energy
Length
Lagrangian
Mass

Fractional numbera =m?>,m = p+q,peN,0<q < 1

Integer number a = n’,neN
Origin of a coordinate frame
Integer number p € N
Potential energy
Dimensionless force
(t),q (t) Periodic functions
Non-integer number 0 < g < 1
Continued fraction parameter of Mathieu functions
Sine elliptic Mathieu function
Dependent variable of Mathieu equation

o
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X,¥,2, X Displacement

X Dependent variable vector

Xd Axially driven by a displacement

X,Y Dimensionless displacement

Independent variable, time

Period

Functions

Well of energy-rate surface

Continued fraction parameter of Mathieu functions
Of this form is called Wronskian

Function

Amplitude

Continued fraction parameter of Mathieu functions
Angle

Function

Dimensionless time

Frequency

Mass density
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Exercises

1. Stability of linear differential equations.
The stability of linear differential equation may be reduced to an eigenvalue
problem. Show that

X4 2Ex +nx =0 (5.462)

is stable for § > O and n > 0.
2. Tangent to characteristic curves at b = 0.

(a) Show that the characteristic curve of a, is tangent to the b-axis.

(b) Determine the slope of the characteristic CUIvVes Gceyy, Geeyyysr Gserys
Gsey,r» At b = 0 and determine their relationship. Is there any curve with
zero slope? Is there any trend in the value of slopes by increasing a?

(c) Determine the slope of the characteristic curves dcey, Geeyyqs Gseyeiss
Gseyn» At b — 00 and determine their relationship. Are there any slope
that curves are approaching? Are there any curves to be asymptotically
parallel? Is there any trend in the value of slopes for b — oo by increasing
a?

3. Intersection of the characteristic curves.
Prove that the characteristic curves of a.,, and a,., have no intersections.

4. Maclaurin series solution of Mathieu equation.
By successive differentiation of the Mathieu equation determine its power series
solution around ¢ = 0. In general, it is not possible to determine if such series
solution is convergent and periodic. It is not also suitable to check the stability
of the Mathieu equation for a pair of (a, b). Check the convergence of the power
series solution.

5. Elimination of middle term.
Consider the general linear equation

i+p®i+q@®x=0 (5.463)

Show that a change of variable

u = exp (—% / pdt) y (5.464)

will change the equation to
. 1. 1,
y+lg—zp—-p )Jy=0 (5.465)

without the middle term.
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6. Recursive equations for x> (¢, b).
Prove the recursive relations for the coefficients sexr41 (¢, b) and sexi+2 (¢, b)
in Egs. (5.230)—(5.233).
7. The matrix expression of characteristic numbers.
Determine the matrix expression of characteristic numbers dce,,, ;> Gsey,; and
Gseyy,, as well as the determinant of the coefficients of the matrix expressions.
8. Sequence of exponents of natural numbers.

(a) Show that the recursive equation of the sequence of squares of natural
numbers,

=1 xn=2 x3=3  x=k (5.466)

is
Xp+3 = 3Xk+2 — 3xp41 + Xk (5.467)

(b) Show that the recursive equation of the sequence of cubes of natural

numbers,
=07 xn=2 x=3  x=f (5.468)
is
Xid = 443 — Oxpq2 + Xk — X (5.469)
9. Mathieu s, recursive coefficients equation.
Substitute
o)
X2 (t,b) = ZBj+1 (b)sin(j + 1) ¢ (5.470)
j=0
into the Mathieu equation
ax + (a — 2bcos?2t) 0 (5.471)
— 4+ (a —2bcos2t)x = .
dr?
and derive the recursive equations
(a—1)Bi+b(B1—B3)=0 (5.472)

(a= @+ 1%) Bojr = b (Byjor + Bojua) =0 j= 1 (5473)

for sepr+1 (¢, b) and
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(@a—4)By—bBy =0 (5.474)

(a - (2j)2> By —b(Byja+Bajia) =0 j=2 (5475

for S€k+2 (t, b).
10. Proof by induction method.

Prove that
" nn+1)
S k= ~— (5.476)
k=1
" 1
YK =_n(n+1)@n+1) (5.477)
k=1 6
n 2
1
Y ond= <@> (5.478)
k=1
“ 1
Yokt = —nm+1)@n+1) <3n2 430 — 1) (5.479)
P 30
- 1
5_ 1 2 2 2 .
Ek = 0’ (4 ) <2n +2n 1) (5.480)
n m+1 m m—1
n n mn
K" = —
,; mil 212
m@m—1)(m—2)n"3
- 5.481
220 + ( )
= 1
Zk k+1)?* = (D (1 +2) G +5) (5.482)
k=1
n
Zk! k=m+1D!—1 (5.483)
k=1
o0
/ x"e *dx = n! (5.484)
0

11. Transformation of differential equations.

(a) Show that the substitution

x =sinz (5.485)
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transforms the equation

(xz—1)y”+(2c+1)y’—<a+bx2)y=0

to the form

d? d
d_z;) —2ctanzd—§ + (a —I—bsinzz)y =0

(b) Show that the substitution

[c
= [—exp(2i
X 5 xp (2iz)
transforms the equation
2.n / c _
Xy +xy + a+bx+; y=20

to the form

d?y
— —4<a +2vbc00521) y=0
dz?

12. Elliptic coordinates and Mathieu’s equation.

In the elliptic or ellcylindrical coordinate system (u, v, w), we have:

x = ccoshucosv y = csinhu sinv z=w

471

(5.486)

(5.487)

(5.488)

(5.489)

(5.490)

(5.491)

the curves u =constant are ellipses and the curves v =constant are portions of

hyperbolae all having the same foci at (+£c, 0).

(a) Show that u = up makes (x, y) to show an ellipse.
(b) Show that v = vg makes (x, y) to show a hyperbola.
(c) Transform the two-dimensional wave equation

dx? = dx?
to
d? d? 1
d_ulg + d_vlg + Ec (cosh2u — cos2v) =0

(5.492)

(5.493)
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(d) Assume a separated solution

w=f(u)g ) (5.494)

and derive the ordinary equations

d? 1

'l + (—a+ =c*h?cosh2u ) f =0 (5.495)
du? 2

e (0 L2 cos 0 (5.496)
—F a —C v = .
du? 2 &

where a the separation constant.
(e) Show that by substituting

u=iz (5.497)

Equation (5.495) becomes (5.496).
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Chapter 6 )
Energy-Rate Method Qs

In this chapter we review a numerical method to determine stable, unstable, and
periodic response of differential equations that their stability depends on relation
between parameters. We will use the Mathieu equation as the principal example to
develop the method.

6.1 Differential Equations

Differential equations is the language of dynamical systems. A differential equation
serves as a model for how the rate of change of states depends on the present
and maybe the past states of the system. All differential equations expressing real
phenomena are nonlinear and majority of them unsolvable. We may simplify most of
the models to be expressible by linear or simpler differential equations. The general
form of a linear differential equation of the nth order is

d"x n—1 n—Zx
e +P1(f)F+P2(I)W+“'
dx
—i—Pn—l(l)E-i‘Pn Hx=f@) (6.1)

where x, is the dependent variable, the unknown function to be determined by
integration, and ¢ is the independent variable. The coefficients py, pa, -+, pn
are known functions of ¢ and f (¢) is a given forcing function. Depending on
whether f (r) = 0 or f () # O the linear equation is called homogeneous or
nonhomogeneous. In many science and engineering applications the functions py,
p2, -+, pp are constant to make the linear differential equation with constant
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474 6 Energy-Rate Method

coefficients. This is the simplest form of a linear differential equation and the
only class of differential equation that its solution is reduced to that of solving
an algebraic equation. Linear autonomous ordinary differential equations have the
general form

x(t) =Ax(t) (6.2)

where
x() =[x1xx,]" (6.3)
x(0) =[d 5 i ]’ (6.4)

and A is an n x n matrix. For a given initial value x (0), the solution of (6.2) can be
written in the form

x (1) =x(0) exp (Ar) (6.5)

where the matrix exponential exp (Ar) is defined by the Taylor series of the
exponential function

o
1
exp (Ar) = Y EA" i* (6.6)
k=0 "

AF =1 (6.7)

with I being the identity matrix.
The solution of linear inhomogeneous ordinary differential equations

X() =Ax()+B(@) (6.8)

is
X (1) = Xo exp (A ( — 1)) + /t exp (A (t — s)) B (s) ds (6.9)
X0 = X (19) ’ (6.10)

Proof The solution of linear autonomous ordinary differential equations (6.2)
follows the same rules of single differential equation x = Ax, which is x =
x (0) eA’. To show that (6.5) is a solution for (6.2), we only need to show that it
satisfies the equation. Knowing that
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ieA' = AeM 6.11)
dt
=1 (6.12)
IA=A (6.13)
shows that (6.5) satisfies Eq. (6.2).
d d
= (xoeA’) = XOEeAt — xoAeA! (6.14)
d
— A = AeM (6.15)

dt
The derivative (6.11) is a special case of the general rule of derivative of exponential

matrix function (Wilcox 1967).

1
iexu) :/ esX(t)dX (t)e(l—s)X(t)ds (6.16)
dt 0 dt

The solution (6.9) for the inhomogeneous linear differential equation (6.8) comes
from variation parameter method. We search for a solution in the form

x (1) = g (r) M (6.17)

where g (¢) is a differentiable function. Therefore,

%x (1) = Ae™ g (1) + Mg () (6.18)

Substituting (6.17) and (6.18) into Eq. (6.8) yields:
Alg (1) =B () (6.19)

which implies:

t
g()=C+ / e B (s) ds (6.20)

fo

where C is a constant vector. Now the solution is:

t
x (1) =eMC+ eA’/ e ™A B (s) ds (6.21)

fo



476

The initial condition Xy determines C.
C = ¢~ Ay,

Hence, we have

t
X (1) = xg e AU—0) 4 f AIB (s)ds

fo

6 Energy-Rate Method

(6.22)

(6.23)

The main feature of linear differential equations is that they obey the principle of

superposition.

Example 198 Solve x + p (t) x = f (¢).
Assuming p (t) # 0, f (t) # 0, we use the identity

d
= (xeh(')) = xe'® 4 xp (1) "™

h(t)=/p(t)dt;£0

to rewrite the differential equation in a new form

d

o (xeh(’)) =" f (1)

Integrating both sides implies:

x =e M0 <C + / MO f (t)dt)

A simple example of this equation is
X+ax=>b
for which we have
px)=a f@)=0>

and
h(t):/adt:at+C1

and the solution is:

(6.24)

(6.25)

(6.26)

6.27)

(6.28)

(6.29)

(6.30)
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x(f) = e 4 C (C2 —|—/be‘”+cldt>

1 b
= 4O (Cz + —bec1+“’> =4 Ce™ (6.31)
a a
C = CyeC (6.32)

The steady state condition x; of the equation is:

b
x=limx()=1{a a>0 (6.33)
oo 00 a<0

Linearity of the equation implies that if ¢ > 0 and we set the initial condition x (0)
of the system to be x (0) = b/a, then the system will stay at the initial condition
forever.

6.2 Mathieu Stability Chart

Linear differential equations with variable coefficients have a great variety of
applications. The well-known Mathieu equation is one of the simplest cases with
complicated behavior. The main desired perception of this equation is its stability
chart in (a, b)-plane.

The stability of the Mathieu equation

ax + (a —2bcos2t)x =0 (6.34)
— a — (0} X = .
dt?

for a pair of constant parameters (a, b) can be checked by the sign of energy-rate
integral

1. 1T
Egy = —/ Edt = —/ (2abxx cos2t) dt (6.35)
T Jo T Jo
T =27 (6.36)
The pair (a, b) is in an unstable region if E,, > 0, it is on a periodic characteristic
curve if E,, = 0, and it is in a stable region if E,, < 0.

Proof Let us analyze the following general differential equation:
X+ f(0)+g0%0)=0 (6.37)

£(0,0,1)=0 (6.38)
gx,x,t+T)=g(x,x,1) (6.39)
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where f (x) is a single variable odd function, and the function g (x, X, ) might be
nonlinear and time dependent. The Mathieu equation is an example of (6.37) for
which we have:

f(x)=ax (6.40)
g (x,x,t) = 2bxcos2t (6.41)

Let rewrite Eq. (6.37)
X+ f(x)=—gx,x,1) (6.42)

to indicate a model of a unit mass attached to a conservative spring f (x), acted upon
by a non-conservative force —g (x, x, t). The free motion of the system is governed
by the homogeneous equation

4+ f@x) =0 (6.43)

which would have a periodic motion with constant amplitude depending on the
initial conditions. The applied force —g (x, X, t) generates or absorbs energy
depending on the values of its parameters, time ¢, and state of the system (x, x). The
stiffness function f (x) is a restoring force, providing potential energy to put the free
system into oscillate (Esmailzadeh et al. 1996). Defining a kinetic K, potential P,
and mechanical E energies for the system

. 1.,
K (X) = 7% (6.44)
P(x) = / f(x)dx (6.45)
E=Kx)+ P (x) (6.46)

we write an integral of energy rate for Eq. (6.42).

d

L 1., T . . .
E—E<§x +/(; f(s)xds>— xg (x,x,t) (6.47)

This equation represents the energy-rate of absorbed or dissipated by the forcing
function —g (x, x, t) during the time from O to 7.

Assume for a set of parameters and a nonzero response x (1), E is negative for
T > 0, then E continuously decreases along the path of x (¢) and it will be reflected
in decreasing the amplitude x (¢). On the contrary if E is positive for 7 > 0, then E
continuously increases along the path of x (#) and it will be reflected in growing the
amplitude x (). The case of E = 0 indicates a net zero energy reflecting in steady
state constant amplitude oscillation of x (). A negative energy rate E < 0 shows
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that g (x, x, £) consumes energy, and £ > 0 indicates that g (x, x, ¢) injects energy
into the system in every period 7. In either case of nonzero energy rate, E # 0, the
amplitude x (#) will change and it may go to infinity, x — oo, or go to zero, x — 0,
or the amplitude changes until a state of E=0 appears.

The duration of integral should be equal to the period 7' we are looking for the
system to have; however, the limit of integral fOT f (s)x ds may be nT or T/n,
n =1,2,3,..., or any other rational or irrational number that we expect to be the
period of a constant amplitude oscillation of x (¢). To have a periodic oscillation,
the time derivative of mechanical energy E must be zero over one period T for
systems in a steady state periodic cycle (Jazar et al. 2008). Searching for T -periodic
conditions will include any periodic conditions of T/n, n = 1,2,3,... as well,
since a (T /n)-periodic motion will also be T -periodic.

Integrating the Mathieu equation (6.34), we get

1d .
S (% + ax?) = 2bxsicos 2 = £ (6.48)
2 dt

To find a set of (a, b) to indicate a steady state periodic response, we may choose
an arbitrary pair of parameters (a, b) and integrate equation (6.48) numerically to
evaluate the averaged energy E,, over the period T.

1 (7. 17
Egp = _f Edt = —/ (2abxx cos 2t) dt (6.49)
T Jo T Jo

If E;, > 0, then the chosen (a, b) belongs to an unstable region in which energy
being inserted to the system. However, if E,;, < 0, then the chosen (a, b) belongs
to a stable region where energy being extracted from the system. On the common
boundary of these two regions, E,, = 0, indicating that the chosen (a, b) is on a
characteristic periodic curve.

To determine a pair (a, b) for periodic response, we fix b and searching for a to be
on a boundary that its left-hand side is stable and its right-hand side is unstable. Such
characteristic curve would be an a... If the chosen parameters show that E,,, < 0,
then increasing a increases E,,. On the other hand, if E,, > 0, then decreasing
a decreases E,,. Employing this method we may find the appropriate value of a
such that E,, = 0 and we find a point on the boundary that has a stable region
on its left-hand side and unstable region on its right-hand side. This group of points
constitutes a branch of ac.,, with w-periodic or of ac.,,,, with 27 -periodic boundary
corresponding to cey,.

By changing the strategy and looking for a to be on a boundary that its right-
hand side is stable and its left-hand side is unstable, we can detect the m-periodic
and 2 -periodic branches corresponding to se,. Now we may change b by some
increment and repeat the procedure to determine all points on characteristic curves.
We cast the procedure arranged in an algorithm (Jazar 2004).
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Fig. 6.1 The energy surface E,;, = E,y (a, b) for the Mathieu equation

Stability Chart Algorithm
1. set a equal to one of its special values n> = a
set b equal to some arbitrary small value
solve the differential equation numerically
evaluate E,,
decrease (increase) a if E;, > 0 (E;, < 0) by some small increment
the increment of ¢ must be decreased if E,, (a;) - E4y (ai—1) <0
save a and b when E,, << 1
while b < b fipql, increase b and go to step 3
set a equal to another special value and go to step 2
reverse the decision in step 5 and go to step 1

e I e

—_—

Theoretically the energy-rate method may be applied for any parametric and
nonlinear system to determine their stability chart (Esmailzadeh and Jazar 1997,
Mahmoudian et al. 2004; Christopherson and Jazar 2005, 2006; Jazar et al. 2006,
2008, 2009; Cveticanin and Kovacic 2007; Sochacki 2008; Sheikhlou et al. 2013;
Cveticanin 2014; Platonov 2018). ||

Example 199 Energy surface.

Definition of E,, is equivalent to assigning a third dimension to the (a, b)-plane
making a surface of energy E,, = E, (a, b). Figure 6.1 illustrates such an energy
surface for the Mathieu equation. The energy surface will look like a mountain
that its intersection with the plane of E,, = 0 will show the curves on which the
response of the equation will be 2 -periodic.

1 2| 1 2
Epp= — | Edt=— / (2abx cos 2t) dt (6.50)
2r 0 2 0
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Fig. 6.2 The energy surface E;, = Egy (a, b) for the Mathieu equation cut by the zero plane
En=0
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Fig. 6.3 The top view of the energy surface E,, = E,, (a, b) for the Mathieu equation cut by the
zero plane E,y =0

Figure 6.2 illustrates the plane E;, = 0 and the energy surface. Any part of the
energy surface that is below the plane E,;, = 0 belongs to the points (a, b) for which
the energy rate is negative and hence the Mathieu equation is stable. Similarly, any
part of the energy surface above the plane E,, = 0 belongs to the points (a, b) for
which the energy rate is positive and the equation is stable. Figure 6.3 shows a top
view of the energy surface to show the intersection with zero energy plane.

Example 200 Stability chart from energy surface.

The energy-rate method provides an energy surface with unstable values asso-
ciated to E;, > 0, and stable values associated to E;, < 0. According to
the definition of E,, in (6.35), E,;, = O indicates the conditions for which the
Mathieu equation shows a periodic response with period 7 = 27 as well as
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0
-2 0 1 4 9 12

Fig. 6.4 The top view of a higher resolution of the energy E,, surface of the Mathieu equation
for =2 < a < 12and 0 < b < 12. The surface is colored proportional to the magnitude of the
energy E,,, blue the deepest and red the highest value

T =2rn/n,n =1,2,3,.... Using the energy surface, the periodic conditions will
be graphically equivalent to the intersection of the energy surface and the zero plane
of energy. The energy-rate method and graphical search for the stability chart of
parametric differential equation not only show the stability curves, it may reveal
other information about the behavior of the equation.

Figure 6.4 illustrates a higher resolution of the energy E,, surface of the Mathieu
equation for —2 < a < 12and 0 < b < 12. The surface is colored by the magnitude
of the energy E,,, blue the deepest and red the highest value. The relative stability
of two different points (a1, b1) and (az, by) may be interpreted by their level of E,,
such that the lower value of E,, indicates more stable points. Hence, the blue color
indicates where in the map the Mathieu equation is more stable. There are three blue
wells in this figure showing where would be more stable areas. The orange and red
combination color indicates the unstable regions. The lines of zero energy are drawn
in black and to be clearer, we have shown them also in Fig. 6.5.

Besides the periodic characteristic lines that separate the stable and unstable
regions, two other single lines can be seen in the stable zones of 1 < @ < 4 and
4 < a < 9 starting from b = 0 and merging to their right periodic curves. Being a
single line indicates that the energy surface is under the zero level on both sides of
that line and it touches the plane E,,, = 0 on those curves. Therefore, they are 27 -
periodic characteristic curves within the stable zones since the energy surface and
its zero plane intersection in Figs. 6.4 and 6.5 are the results of integral of energy
rate over 0 < t < 2m,



6.2 Mathieu Stability Chart 483

12

10

N

-2 0 1 4 9 12
a

Fig. 6.5 The lines of zero energy of the energy E,, surface of the Mathieu equation for —2 <
a<12and0 <b < 12

2 | 1 2
E,, Edt = —[ (2abxx cos 2t) dt (6.51)
2 0

the characteristic curves in the figures are all for point (a, b) that provides 2 as
well as m-periodic responses. To determine only the -periodic curves graphically,
we need to integrate the energy rate over 0 < r < m. The periodic response for
fractional ¢ = m? has been discussed analytically in Example 185. If a = m?,
a # n?, n being an integer and m = p+gq, with p being integer and 0 < ¢ < 1, then
if g is expressed as « /B, where « and § are integers with no common factors, then
the coexist ce,, (b, t) and se,, (b, t) are periodic with period 7 8 and 27 8 depending
on « to be even or odd. By increasing the limit of the integral to 37, 4, ... we are
able to detect other periodic lines within the stable zones.

Example 201 Enery-rate integral function.

To show how the function of energy rate looks like and how it determines the
characteristic and periodic values of (a, b), we plot one curve of E;, = Egy (a).
Figure 6.6 illustrates the Mathieu stability chart based on the McLachlan data
reported in Table 5.1. Let us set b = 5, which is large enough to be beyond the
limit of accuracy of the series solutions. We then walk along the line » = 5 on the
stability chart froma = 0 to a = 45 and calculate E,, = % 02” Edt. To do this,
we must set a value for a and then numerically solve the Mathieu equation to have
the states x = x (¢), X = x (t), and then calculate E,, = % 02” (2abxx cos 2t) dt
to determine the energy rate at one point of the line b = 5. Repeating the calculation
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Fig. 6.6 The stability chart of the Mathieu equation based on the characteristic numbers reported
by McLachlan in Table 5.1
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Fig. 6.7 The graph of the E,, = Egy (a) forb =5

for enough number of points on the line » = 5 makes the graph of the E,, = E,, (a)
plotted in Fig. 6.7. Match the graph of E,, and the line b = 5 indicates that wherever
the line b = 5 is in unstable region, we have E,;, > 0 and when the line b = 5
is in stable region, we get E,, < 0. The crossing points of E,, = 0 match with
characteristic values of a. A sample of E;, > 0 has been magnified to show the
positive E,, and characteristic points.

Example 202 Modified algorithm for exact characteristic numbers.

The energy-rate method provides a fine numerical method, capable of increasing
the exactness of the calculation of the characteristic numbers as accurate as desired.
In order to find more accurate values than those presented in Table 5.1, we may use
the elements of McLachlan’s table as an initial value and modify the stability chart
algorithm to be able to detect splitting lines accurately. The following algorithm
detects splitting lines of the Mathieu equation. It can be extended to cover the other
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parametric differential equation whose stability chart is two dimensional or could
be reduced to two dimensional (Jazar 2004).

Periodic Chart Algorithm
0. set the period of integration 7" equal to a multiple of 2
set a, equal to aj, and a,, two arbitrary values in a stable region
set b equal to some arbitrary small value
solve the differential equation numerically for both pairs of @ and b
evaluate (E,y); and (Egy)o
seta; = ap
increase ap by some small increment if

S e

[(Eav)1| > [(Eav)2l and  ay—a; >0
or

[(Eav)1] < [(Eav)al and  ay—a; <0
else decrease ap if

[(Eav)1| > [(Eav)2l and  ay—a; <0
or

[(Eav)1] < [(Eav)al and  ay—a; >0
the increment of a must be decreased if a, repeats twice
save a and b whena; —a; << 0
while b < b fipql, increase b and go to step 1

set a, equal to ay, and a, two arbitrary values in another stability region and go
to step 2

© 0 *

Employing the algorithm we determine the periodicity chart depicted in Fig. 6.8.
The numerical values of a = a (b) would be the outcome of the algorithm.

Example 203 Numerical values of characteristic numbers.

We apply the Stability Chart Algorithm to determine the characteristic numbers
of the Mathieu equation to compare with the characteristic values reported by
McLachlan (1947) in Table 5.1. To increase the efficiency of the calculation and
save time of the computer, we may pick numbers of the McLachlan’s table and apply
the Stability Chart Algorithm to increase the accuracy. The numbers of Table 6.1 are
associated with the values in Table 5.1 with better accuracy.

Example 204 More exact characteristic values.

How important is to determine the exact transient curve of a parametric equation
depends on many parameters such as the physical system, the application, the time
duration the system is supposed to work periodically, etc. If mistakenly the design
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Fig. 6.8 The Mathieu periodicity chart. (a) -periodic lines; (b) 2 -periodic lines; (¢) 37 -periodic
lines; (d) 47 -periodic lines; (e) S-periodic lines; (f) 677 -periodic lines
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Table 6.1 The characteristic numbers of Mathieu equation calculated by the Periodic Chart

Algorithm
b 0 1 2 3 4
Acel) 0 —0.45513856 —1.51395682 —2.83439180 —4.28051869
Asel 1 —0.1102491 —1.3906768 —2.7853800 —4.2591832
Aeel 1 1.8591078 2.3791999 2.51903917 2.31800824
Ao 4 3.9170245 3.6722324 3.2769217 2.7468807
dced 4 4.3713007 5.1726648 6.0451966 6.8290745
Age3 9 9.0477390 9.14062247 9.2231325 9.2614458
Ace3 9 9.0783685 9.3703222 9.91155033 10.6710268
Ased 16 16.0329698 16.1276877 16.2727009 16.452035
Aced 16 16.033832 16.1412035 16.3387204 16.6468186
Ages 25 25.0208411 25.0833487 25.1870795 25.3305446
Aces 25 25.020854 25.0837775 25.1902852 25.3437573
Age6 36 36.0142902 36.0572073 36.1288715 36.22944084
b 5 6 7 8
Acel) —5.80004589 —7.36883067 —8.97374233 —10.606729
Asel —5.7900809 —7.3639113 —8.9712027 —10.6053684
Aeel 1.85818761 1.21427824 0.43834918 —0.43594351
Ase2 2.0994601 1.3513809 0.5175451 —0.3893621
Aced 7.4491094 7.87006478 8.08662334 8.11523907
dse3 9.2363274 9.1379055 8.9623852 8.7099141
Ace3 11.5488317 12.4656004 13.358421 14.1818801
Ased 16.6482196 16.8446013 17.0266605 17.1825275
Aced 17.0965814 17.6887827 18.4166084 19.2527048
Uge5 25.5108157 25.7234104 25.9624469 26.2209992
Aces 25.5499714 25.8172717 26.1561199 26.577753
Ase6 36.3588665 36.5170664 36.7035024 36.9172128
b 9 10 12 14
Acel) —12.2624140 —13.9369798 —17.3320658 —20.7760551
Asel —12.261662 —13.9365528 —17.3319187 —20.7760007
deel —1.38670147 —2.39914228 —4.57013271 —6.89340038
Ased —1.3588104 —2.3821585 —4.5635402 —6.890701
Aced 7.98284339 7.717370027 6.87873702 5.73631258
ase3 8.3831189 7.9860688 7.0005665 5.7926292
Ace3 14.9036794 15.5027841 16.3015352 16.5985408
Use4 17.3030107 17.3813804 17.3952494 17.207115
Aced 20.1609261 21.1046334 22.9721272 24.6505948
dses 26.4915469 26.7664261 27.3000121 27.7697664
Aces 27.0918658 27.7037684 29.2080547 31.0000505
Ase6 37.1566947 37.4198585 38.0060084 38.6484716

(continued)
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Table 6.1 (continued)

b 16 18 20 24

Ace —24.25867922 —27.7728419 —31.3133898 —38.4589729
Agel —24.2586581 —27.7728335 —31.3133865 —38.45897241
Acel —9.33523701 —11.87324232 —14.49130121 —19.92259541
Age —9.9.33411 —11.8727268 —14.4910636 —19.9225406
dce? 4.37123284 2.83305697 1.15422859 —2.5397654
Uge3 4.3978959 2.8459914 1.1607054 —2.5380782
Ace3 16.4868846 16.0619757 15.3958112 13.5228430
Aged 16.8186834 16.2420801 15.4939773 13.5527962
Aced 26.0086780 26.9877667 27.5945785 27.8854411
[ 28.1363587 28.3738579 28.468221 28.2153591
Aces 32.9308948 34.8530584 36.6449894 39.5125516
Age6 39.3150105 39.9723508 40.5896638 41.6057096
b 28 32 36 40

Ace —45.6733693 —52.9422227 —60.2555676 —67.6061519
Ugel —45.6733697 —52.9422232 —60.2555682 —67.6061525
Acel —25.56174683 —31.36515415 —37.3026388 —43.352275
Age2 —25.5617332 —31.3651508 —37.30263823 —43.3522747
dce2 —6.5880627 —10.9143531 —15.46677 —20.2079405
Uge3 —6.5875853 —10.9142093 —15.4667246 —20.2079257
Ace3 11.1110801 8.2914965 5.1456366 1.7296494
Aged 11.1206224 8.2946718 5.1467372 1.7300453
Aced 27.2833085 26.0624485 24.3785097 22.3252766
Ages5 27.4057485 26.1083523 24.3960662 22.3321482
Aces 41.2349506 41.9535115 41.9266649 41.3497547
Age6 42.2248412 42.3939425 42.1183558 41.4330049

parameters of the system, embedded in a and b, are set in an unstable region instead
of being periodic or stable, then system will not be working as expected and may be
malfunctioning.

In order to investigate the applicability of the Periodic Chart Algorithm, let us
pick two associated values from Tables 5.1 and 6.1 to solve the Mathieu equation for.
Due to physical consideration, the first stable zone surrounded a..¢ and a,.1 and the
first unstable zone surrounded as.1 and a1 are the most important working zones
for dynamical systems (Bolotin 1964). Table 6.2 compares the numerical values
of a few characteristic points and their E,, on both sides of the first stable zone.
Comparing E,, (Table 5.1) and E,, (Table 6.1) indicates the points of Table 6.1 are
closer to the characteristic curves of the Mathieu stability chart. The positive values
of E,, indicates that all points of (a, ) in Table 6.2 are actually in unstable zone.

Let us compare the points

(a1, b) = (aceo, 1) = (—0.4551386, 1) (6.52)



6.2 Mathieu Stability Chart

489

Table 6.2 The characteristic numbers of Mathieu stability chart in the first stable region
surrounded a..o and .1

Table 5.1 Table 6.1 Table 5.1 Table 6.1
b Acel) Ace( Eqy Eqy
1 —0.4551386 —0.455138558 0.000004185 4.0244%x107°
2 —1.5139569 —1.51395682 0.000189536 6.6157x10~°
3 —2.8343919 —2.83439180 0.002687308 0.000002693
4 —4.2805188 —4.28051869 0.022774871 0.000205379
5 —5.8000460 —5.80004580 0.158296344 —0.000023016
6 —7.3688308 —7.36883067 1.018318348 0.000015843
7 —8.9737425 —8.97374233 6.754786779 0.003246531
8 —10.6067292 —10.60672904 25.935317739 0.014145193
9 —12.2624142 —12.26241402 116.91947068 0.157082664
10 —13.93698 —13.93697977 564.37545616 5.003945936

Table 5.1 Table 6.1 Table 5.1 Table 6.1

b Asel Asel Eay Eqy
1 —0.1102488 —0.1102491 18.83992146 18.83990077
2 —1.3906765 —1.3906768 231.5834267 —0.00000135
3 —2.7853797 —2.785380 1237.418025 231.582039
4 —4.2591829 —4.2591832 4680.5734 1237.39717
5 —5.7900806 —5.7900809 14,549.4642 4680.38628
6 —7.3639110 —7.3639113 39,711.5358 14,548.2046
7 —8.9712024 —8.9712027 98,632.4669 39,704.5966
8 —10.6053681 —10.6053684 2.2791x10° 98,598.143
9 —12.2616617 —12.261662 4.96789x10° 2.27763x10°
10 —13.9365525 —13.9365528 1.032726x 10° 4.96215x10°

Comparing data of Tables 5.1 and 6.1

from Table 5.1 and

(a2, b) = (acen, 1) = (—0.455138558, 1) (6.53)
from Table 6.1. Figure 6.9 depicts the time response of the Mathieu equation for
the two points during 0 < ¢t < 2. The difference of the two associated values of
(a, b) is not clear from the time response of the Mathieu equation in short period
of time as both points are close to the periodic line. However, their difference will
eventually shows up, as can be seen in Fig. 6.10 that indicates the time response of
the equation for the two points during 1007 < ¢ < 1027x.

Figure 6.11 shows the difference between the time responses, Ax = x(aj) —
x (ap) during 0 < t < 107. Because Ax > 0 and is growing, point (aj, b) is more
in unstable zone than (ay, b). Figure 6.12 illustrates how energy rate E is varying
during 0 < ¢ < 27 for (a, b) = (aceo, 1) with zero integral, E,, = 0.
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Fig. 6.9 Comparison of the time response of the Mathieu equation for points (aj,b) =
(—0.4551386, 1) and (a2, b) = (—0.455138558, 1). The response looks identical for the period
0<t<2m
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Fig. 6.10 Comparison of the time response of the Mathieu equation for points (aj,b) =
(—0.4551386, 1) and (az, b) = (—0.455138558, 1). The response began to deviate for the period
100r <t < 1027

Fig. 6.11 The difference between the time responses, Ax = x(aj) — x (a2) during 0 < ¢t < 107
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Fig. 6.12 The energy rate E variation during 0 < ¢ < 27 for (a, b) = (deeo, 1)

Example 205 Y Behavior of Mathieu equation in an stable zone.

In this example we apply the energy-rate method and utilize the power spectral
density to investigate the behavior of Mathieu equation within a stable zone. Each
stable zone is bounded by two transition curves starting from integer roots of a =
n?,n=0,1,2,3,.... Visualizing the behavior of Mathieu equation using energy-
rate surface and spectral density will give us a better understanding how different
points of a stable zone characterize the system. The first stable zone is bounded
between transient curves started from ¢ = 0 and a = 1; the second zone bounded
between transient curves started from a = 1, a = 4, and so on. We will go across
the third stable zone, which is bounded between curves starting from ¢ = 4 and
a =9, as an example. A three-dimensional view of 27 -periodic surface in the third
stable zone is shown in Fig. 6.13. Contours of energy rate of the 27 -periodic energy
surface are plotted in Fig. 6.14.

It can be seen in Figs.6.13 and 6.14, that there are two wells w; and w» in
the third stable zone at points (a; = 8.192, by = 3.084) and (a» = 8.198,
by = 7.04), respectively. The dividing ridge touches the plane E,,, = 0 and indicates
a 2m-periodic curve. The depths of the wells shown in Fig.6.14 are (E;y); =
—0.047540764 and (E,;y), = —0.619065242. We examine the 27 -periodic energy
surface of the third zone to investigate the behavior of the Mathieu equation when
there is 277 -periodic ridge. Let will walk on a path from point B on the  -transition
curve to point C on 25 -transition curve. The two- and three-dimensional illustration
of the walking path is shown in Figs. 6.14 and 6.15, respectively.

Figure 6.16 illustrates E,, in the third stable region as a function of a for
b = 3.084, corresponding to the path B—C passing through w;. Point 0 is on
the m-transition curve, points 1 and 2 are two arbitrary points between the -
transition curve and the local minimum at point 3. Points 4 and 5 are also two
sample points between local minimum and the 2 -periodic ridge at point 6. Point
9 is corresponding to the well wy, and points 7 and 8 are two other sample points
between the 27 -periodic ridge and wj. Point 10 is on the 2w -transition curve of
Mathieu stability diagram. Points O through 10 are our examining points when
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Fig. 6.13 A three-dimensional view of 2m-periodic energy surface in the third stable zone of
Mathieu equation

10 21— transienfcurve

Fig. 6.14 Contours of energy rate of the 2 -stability surface
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Fig. 6.15 Three-dimensional illustration of the energy-rate surface and the walking path from -
transition to 2 -transition curve

T — transient curve

3 2T —transient curve
5 27— periodicridge

1 w
6/ 1
o 12 /

0

6.5 70 7.5 80 85 90
a

Fig. 6.16 Energy-rate function of Mathieu equation as a function of a for b = 3.084

moving on the path BC of Fig.6.14. The depth of second w, is more than the
depth of wy. So, the energy rate at point 3 is lower than the energy rate at the local
minimum w1. The information and characteristics of points 0 to 10 are summarized
in Table 6.3. Phase plane, time response, and power spectral density of Mathieu
equation for parameters at points O— 10 are shown in Figs. 6.17, 6.18, 6.19, 6.20,
6.21, 6.22, 6.23, 6.24, 6.25, 6.26, and 6.27, applying initial conditions x (0) = 1,
X (0) = 0. The powers are calculated based on fast Fourier transform algorithm over
0 <t < 207 (Brigham 1974). Time history and phase plane response are plotted for
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Table 6.3 The characteristics of points 0—10 of Fig. 6.16

Point | a b E.. Table 6.1

0 6.116 |3.084 | —0.000290415 | m-periodic curve
1 6.2 3.084 | —0.250140076

2 6.3 3.084 | —0.415556251

3 6.417 |3.084 | —0.472598615 | local minimum

4 6.7 3.084 | —0.293544156

5 7 3.084 | —0.05270861

6 7.205 |3.084 | —1.63135E-05 |2m-periodic ridge
7 7.5 3.084 | —0.084472609

8 8 3.084 | —0.308945302

9 8.192 |3.084 | —0.317404257 | w;

10 9.228 |3.084 0.000167172 | 27 -periodic curve

a=6.116
b=3.084
Eq =-0.00029

Fig. 6.17 Phase portrait, time response, and power of Mathieu equation of point O on path BC

a=6.20
b=3.084
Eun =-0.25014

Fig. 6.18 Phase portrait, time response, and power spectral density of Mathieu equation of point

1 on path BC
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a=6.30
b=3.084
Ey =-0.41555

Fig. 6.19 Phase portrait, time response, and power spectral density of Mathieu equation of point
2 on path BC

a=6.417
b=3.084
Eq =-0.47259

Fig. 6.20 Phase portrait, time response, and power spectral density of Mathieu equation of point
3 onpath BC

a=06.7
b=3.084
E, =-0.29354

Fig. 6.21 Phase portrait, time response, and power spectral density of Mathieu equation of point
4 on path BC
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=7.0
b=3.084
Eq =-0.05270

Fig. 6.22 Phase portrait, time response, and power spectral density of Mathieu equation of point
5 on path BC

a=7.205
b=3.084
E. =-1.63E-5
‘ ine
1.5 2 4 O 8 104

Fig. 6.23 Phase portrait, time response, and power spectral density of Mathieu equation of point
6 on path BC

i 16+ a=7.5
% 1 | b=3.084
1) Ea =-0.08447
0.5
x
T's 0
0.5

Fig. 6.24 Phase portrait, time response, and power spectral density of Mathieu equation of point
7 on path BC
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Fig. 6.25 Phase portrait, time response, and power spectral density of Mathieu equation of point
8 on path BC

a=8.192
b=3.084
Eqy =-0.31740

Fig. 6.26 Phase portrait, time response, and power spectral density of Mathieu equation of point
9 on path BC

5 164 a=9.228
: |4-5 ‘l | b=3.084
Eq =-0.00016
127
1.5 1 o3 1
E 61
. 4-)
=3 2

Fig. 6.27 Phase portrait, time response, and power spectral density of Mathieu equation of point
10 on path BC
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the first 47 and 107 time units. Also, the first four Poincare points are also indicated
on the phase plane response for shooting time T, = 7 (Argyris et al. 1994).

Time response, phase portrait, and repeating Poincare points shown in Fig. 6.17
indicate that point 0 has a 7 -periodic response. In addition, power density designates
a strong m-periodic spike as well as a (7 /2)-periodic and (7 /3)-periodic sub-
harmonics. It also represents existence of a very long period super-harmonic. The
power of m-periodic response is much higher than sub-harmonics, indicating that
m-periodic response is the dominant period. It is an asymmetric oscillation with
positive and negative unequal amplitudes.

By increasing a to 6.20 in Fig. 6.18 a skew symmetric time response with a period
close to 16w appears. A long period super-harmonics can also be seen from power
spectral graph as well as sub-harmonics close to 7, (;r/2), and (;r/3). When a is
6.30 a time response with a period close to 10w appears in Fig. 6.19. In Fig. 6.20,
a is 6.417 corresponding to the local minimum of energy-rate curve at point 4. The
response of the system at this point is a quasi-periodic response with an overall
period very close to 107, indicated in phase plot of the system. Increasing a to 6.7
and 7.0 indicates that response is getting closer to the 2 -periodic ridge as is shown
in Figs. 6.21 and 6.22.

Point 6 at @ = 7.205 in Fig. 6.23 corresponds to the 2w -periodic ridge. The
2m-periodic response is recognizable by investigating the phase plot, Poincare
points, and time response of the system in Fig.6.23. At this point, the spikes of
the power spectral appear exactly at points 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, which
are corresponding to (4r), (4 /3), (47 /5), (4 /7), (47 /9), (4w /11), and (47 /13)
periods. The power of (47) and (47 /5) is stronger than the other sub-harmonics,
while (47 /11) and (4 /13) sub-harmonics are the weakest. Figures 6.24, 6.25,
6.26, and 6.27 illustrate how the two harmonics separated from 7w, (7/2) and
(7t /3)-harmonics approach each other and get together at (2r), 7w, 27 /3), (21 /5),
and (27 /7) harmonics. Figure 6.27 depicts response of the system at point 10
corresponding to 27 -transition curve.

Investigating power spectral density in Figs.6.17, 6.18, 6.19, 6.20, 6.21, 6.22,
6.23, 6.24, 6.25, 6.26, and 6.27 presumes that by moving from m-transition curve
to 2m-transition curve, the period should gradually change from the period set
(m, /2, /3, w/4,...}totheset {27, 27 /3,21 /5,2m /7, .. .}. Figure 6.28 depicts
the power spectral density of Mathieu equation when the investigating point moves
on line BC slowly. The resolution of the graph is 10,000 points per unit a. It shows
the variation of super and sub-harmonics of Mathieu equation in third stable zone,
for b = 3.084,and 6.116 < a < 9.228. It also indicates the power of sub-harmonics
is much lower than the power of harmonics around 7 and 7 /2. Projection of the
power surface makes a two-dimensional graph indicating the peak values of power
on (a, w)-plane, as shown in Fig. 6.29.

Example 206 ¥ Energy-rate function for coupled Mathieu equations.

Let F be a vector field, and the individual components Fy, Fp, F3,---, F, be
differentiable functions. Then, a function /(x) is called the first integral of the
differential equation
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Fig. 6.28 Three-dimensional illustration of power spectral density of Mathieu equation in third
stable zone, for b = 3.084

9.228

8.5

7.5

6.045
0

Fig. 6.29 Top view of power spectral density surface of Mathieu equation in third stable region,
for b=3.084
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x=F(x) (6.54)

if its Lie derivative along the vector field F vanishes.

ol ol ol
VI F=F—+FH—+- -+ F, =0 (6.55)
dx1 0x2 0xy
Then, the function I = I (x1, x2, ..., Xx,) remains constant and defines a hyper-

surface in the phase space where each given trajectory takes place on it. The
hypersurface is defined when the initial conditions are set. In mechanics, it is the
conservation theorems, which supply first integrals. However, no systematic rule is
known which yields an easier derivation of first integrals.

Direct substitution of the function

1—12+12+ (6.56)
—2u 2v axy .

into the Lie derivative condition (6.55) indicated that [ is a first integral of the
following coupled equations:

X4+ay=0 Vy+ax =0 (6.57)
where
x u
x= | F=| @ (6.58)
y v
v —ax

Now the first integral will appear again when the equations are added after
multiplying the first equations by x and the second by y,

Xx 4+ ayx + ¥y +axy = 2b (yx + xy) cos 2t (6.59)

and the result after taking integral over time will be:
L., 1., . .
Ex + Ey +axy = | 2b(yx + xy) cos 2t (6.60)

Therefore, the energy-rate function corresponding to Eq. (6.59) is defined by

2
Eu. = / 2b (yx + xy) cos2t dt (6.61)
0
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Example 207 ¥ Fourth-order equations.
The fourth-order homogeneous equation

X +ax=0 (6.62)
has the following general solution:
3
x = Cexp (—+/at) — exp <_\/75t> (A sin wt — B cos wt) (6.63)

where the frequency of the oscillating part is

w=Ya (6.64)

Constants of integration are related to initial conditions x (0) = xg, x (0) = Xy,
X (0) = Xop.

V3

A= —— (xoa + Xo (6.65)
3 3/a2 ( )
B= zxo b (—%o~/a + Xo) (6.66)
37 3a? '
C= 1xo T (x05/a — o) (6.67)
37 3a? '

Therefore, Eq. (6.62) may have an oscillatory motion if C = 0, and it implies that
there be a relationship between the initial conditions.

%o = xov/a? + ko a (6.68)

The oscillatory motion is unstable when a > 0, and is asymptotically stable when
a < 0. Existence of an oscillatory term in general solution of (6.62) indicates that
having a forcing term may produce a stable, unstable, as well as a periodic response.
Introducing a parametric excitation, f = 2bx cos 2¢, will produce resonance at w =
n,n € N. Hence, the values of a = 8«3/§n3/9, n=1,2,3,--- would be the starting
points of instability tongues in the parameter plane (a, b).

Example 208 Damped Mathieu equation.
Although we are able to transform the damped Mathieu equation

d?x .
el +(a—2bcos2t)x +cx =0 (6.69)

into an undamped equation



502 6 Energy-Rate Method
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Fig. 6.30 The energy-rate surface of the damped Mathieu equation X + (@ — 2bcos2t) x +cx =0
forc =0.1

&y 4+ (h—2bcos2t)y =0 (6.70)
—_— — COS = .
dr? Y
h=a-c? (6.71)
using
x=e "y (6.72)

it is useful to apply the energy-rate method on a damped Mathieu equation to show
two facts: 1—the energy-rate method is capable of determining the stability chart of
the damped equation, 2—to see how damping affects the stability chart and expands
the stable zone of the Mathieu stability chart.

Introducing a damping term cx makes the Mathieu equation to have three
parameters (a, b, c). Now the stability chart may be expressed in three different
planes if there is such a chart in all of them. It is traditional to assign a constant
value to the damping parameter, ¢, and look at new stability chart in (a, b)-plane.

Figure 6.30 illustrates the energy-rate surface for ¢ = 0.1 as an example.
Figure 6.31 also shows the cut plane E,;,, = 0 and the energy surface. The damping
separates the instability tongues from the line b = 0 and opens a fully stable region
around b = 0. The stable area becomes wider by increasing b.
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Fig. 6.31 The stability chart of the damped Mathieu equation X + (a — 2bcos2t) x 4+ cx = 0 for
c=0.1

6.3 Initial Conditions

The energy-rate method works only if the initial conditions of the equation are
selected such that it matches with the periodic time response of the equation. The
Mathieu equation is linear and hence when it is on its periodic response, it will
still show the periodic response for any initial conditions of x (0) = A, x (0) = 0.
Hence the initial condition x (0) = 1, X (0) = 0 works well to apply the energy-rate
method and determine the stability chart of the Mathieu equation.

Proof Let us assume a periodic solution of the form

x = Bg+ Bysin2 (¢ + 1p) (6.73)
for the Mathieu equation
d2
d—tf 4 (a—2bcos2t)x =0 (6.74)

where a and b are on a periodic characteristic curve. Having the solution (6.73) we
should have

X =2Bjcos2(t + ty) (6.75)
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Looking for initial conditions of
x (0) =xo x0)=0 (6.76)
to put the system on (6.73) provides:

xo = By + Bj sin 2t 6.77)
0 = 2B cos 21y (6.78)

For nonzero By and B; we must have
b4
xo = Bo + B; to) = y (6.79)
and hence the solution would be:
. T
x = By + By sin2 (z n Z> (6.80)

Let us change the initial conditions to

x (0) = nxg x(0)=0 (6.81)
It gives us
nxo = By + Bj sin 2ty (6.82)
0 = 2Bj cos 2ty (6.83)
that yields
1 T
xo = — (Bo + By) th = — (6.84)
n 4
and hence the solution would be:
1 . T
x=- (Bo+ Brsin2 (1 + Z)) -0 (6.85)

Therefore, if the Mathieu equation is at a point on characteristic periodic lines such
that the initial conditions x (0) = xgp, x (0) = 0 put it on a periodic solution of
the form (6.73), then the initial conditions nx (0) = xg, x (0) = O put it on a
proportional periodic solution.

Hence the energy-rate integral remains zero regardless of the value of the initial
x (0).

To apply the energy-rate method to establish the stability chart, we need to set
the initial condition to be set on a steady state amplitude of the system for the
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16 . . . a=-1.51395682
14
12
10+

X B
6
4
2

0 2 4 6 8 10 12
t
Fig. 6.32 Time history of the Mathieu equation for ¢ = —1.51395682, b = 2, and initial

conditions, x (0) = 1, x (0) = 2, x (0) = 3, ¥ (0) = 0

frequency of the periodic solution. The steady state amplitude comes from the
frequency response of the equation whenever there is such frequency response in
case of forced equations. ]

Example 209 Different initial conditions on periodic line.
Let us examine the behavior of the Mathieu equation for a point on a character-
istic curve such as

a = —1.51395682 b=2 (6.86)

which is a point on transient line a..o of the Mathieu equation. Figure 6.32 depicts
the time response of the equation for the following initial conditions:

x0) =1 #0)=0 (6.87)
x(0)=2 #(0)=0 (6.88)
x(0)=3 %0 =0 (6.89)

The amplitude of the responses for different initial conditions is proportional.
As another example, let us try another point on a..o such as

a = —0.455138558 b=1 (6.90)

Figure 6.33 shows that the proportionality of the amplitude and initial conditions
holds the same as the other point of ac.q.

Example 210 Wrong initial condition.

Picking a wrong initial conditions may result in wrong evaluation on stability of
points on (a, b)-plane. For any point on a periodic characteristic line, the Mathieu
equation will have a periodic time response which may be achieved in long term for
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a=-0.455138558

0 2 4 6 8 10 12
t

Fig. 6.33 Time history of the Mathieu equation for a = —0.455138558, b = 2, and initial
conditions, x (0) = 1,x(0) =2,x(0) =3,X(0) =0

proper initial conditions. That means if the initial conditions are not matched with
the steady state periodic response, then the first period of numerical solution will
not show E,, = 0. To show this fact let us examine the behavior of the Mathieu
equation for a point on a..o characteristic curve

a = —1.51395682 b=2 (6.91)

and examine the time response of the Mathieu equation for three different initial
conditions, two of them not matched with periodic response.

x0 =1 £(0)=0 (6.92)
xO) =1 0 =1 (6.93)
xO =1 %0)=—1 (6.94)

Figure 6.34 illustrates the time response of the Mathieu equation for 0 < ¢t < 107
and the initial conditions (6.92)—(6.94). The response for the conditions x (0) = 1,
X (0) = 0 is periodic for which E,, = 0. However, E;, # 0 for x (0) = 1,
x(0)=1,and x (0) =1, x (0) = —1.

Example 211 Frequency response is attractive.
Consider a mass-spring-damper under a harmonic force excitation at frequency
w.

mx + cx + kx = F sinwt (6.95)

The steady state response of the equation would be a harmonic function with a
frequency dependent amplitude (Jazar 2013).
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x(0)=-1

Fig. 6.34 Time history of the Mathieu equation for a = —0.455138558, b = 2, and initial
conditions, x (0) = 0,x (0) =1,x(0) = —-1,x(0) =1

x = Xsin (wf — ¢y) (6.96)
X = F/k ¢=mf*£25 (6.97)
JO =)+ ery? I=r
w k £ c (6.98)
r=— Wy = 4] — = — .
Wy m 24/ km

Assume a sudden disturbance changes the amplitude to X + §X at the same
excitation frequency w and the response of the system changes to x = xo + y

x=x+y=Xsin(wr —¢,)+y (6.99)
Y < x (6.100)

Substituting x in Eq. (6.95)
miX+cx+kx+my—+cy+ky=Fsinot (6.101)
and considering x satisfies the equation, we find the equation to determine y:

my+cy+ky=0 (6.102)
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14 E f=Fsin(w.f)_

0.8
0.6
0.4

02

09 0.5 1 15 2 25

Fig. 6.35 The stability and attraction characteristic of steady state frequency response of linear
vibrating system

The solution of this equation with initial conditions
y(0) =6X y(0)=0 (6.103)

is:

1 —=c% — e/ — dkm + 4km ¢ —~/c? —4km
y= 2 X exp [ Y T,
2 —c2 + 4km —2m

1 —c% + ¢/ — 4km + 4km ¢+t —4km
+= 58X exp t

B ——— 6.104
2 —c2 + 4km 2m ) ( )

As long as % > 4km, we have

lim y = (6.105)
—00
and therefore,
lim x = X sin (wt — ¢) (6.106)

—>00

Therefore, any disturbance to a steady state vibrating system will disappear after
a while and the system will be back to its original steady state vibration. This is
the stability characteristic of frequency response and indicates that the frequency
response curves are attractive for small amplitude disturbances as is shown in
Fig.6.35for§ = 0.4.



6.3 Initial Conditions 509

x(0)=0.8178125672 -

X
0.101
0.05
f
0 ! .
0.5 1i5 2

Bl x(0)=0.04
-0.10 x(0)=-0.162
—0.154/ x(0)=-0.08121114714

Fig. 6.36 The steady state periodic motion of the system matches with the initial conditions xg =
X sin (—(p X), X0 = Xwcos (—(p X). Any other initial conditions will disappear after a while

As an example let us examine a system with
m = lkg k =100N/m ¢=8Ns/m (6.107)
w, = 10rad/s £§=04 (6.108)

that is under a force harmonic f

f=10sin@rt) N  r="_

5 (6.109)

The steady state response of this system (6.96) has the amplitude X and phase ¢ of:

X = 0.1271080028 m ¢ = 0.6930863846 rad (6.110)

The initial conditions xo = x (0) and X9 = x (0) will match with the steady state
periodic response if we set them as:
xo = X sin (—(px) = —0.08121114714 (6.111)
X0 = Xwcos (—¢,) = 0.6143783914 (6.112)
Now suppose that, because of a disturbance, x jumps to an amplitude of 2X, or

—X/2. Figure 6.36 illustrates the time history of the motions and shows how the
system settles down to X after disturbances.
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Example 212 Some theorems on Mathieu equation.

Mathieu equation has been under investigations by mathematicians as a general
type of parametric equation. There are several theorems on Mathieu equation that
some of them worth to repeat here.

1. If x1 (¢) is a solution of the Mathieu equation, then x| (t F kr), k = 1,2,3, ...
is also a solution.
2. Mathieu equation always has one even and one odd solution.
3. Mathieu equation always has two solutions, x| (¢) and x; (¢) such that:
x1 (t) is even and x» (¢) is odd. x1 (0) = x; (0) = 0 and x» (0) = x, (0) = 0.

xp (@t F ) =x1 () x; (1) £x1 (w) x2 (1) (6.113)
X2 (t F ) = Fxp () x1 (1) £ %2 (70) X2 (7) (6.114)
x1 (1) X2 (1) —x2 () X1 (1) = 1 (6.115)

x1 () = &2 () (6.116)

4. Mathieu equation always has at least one solution x; (¢) such that x| (t + 7) =
kxy (1)), where k is a constant depending on the parameters of the equation.

6.4 Chapter Summary

The stability of the Mathieu equation

d’x 4 (a—2bcos2)x =0 6.117)
a — X = .
dt?

for a pair of constant parameters (a, b) can be determined by the sign of energy-rate
integral

1 T . 1 T
Egq = — / Edt = — / (2abx cos 21) dt (6.118)
T Jo T Jo
T =21 (6.119)

The pair (a, b) is in an unstable region if E,, > 0, it is on a periodic characteristic
curve if E,, = 0, and it is in a stable region if E,, < 0. The energy rate provides
a surface that its intersection with the plane E,, = 0 indicates the lines on which
the equation provides periodic response. These lines are called the stability chart in
(a, b)-plane. The procedure can be arranged in an algorithm.

Stability Chart Algorithm
1. set a equal to one of its special values n> = a
2. set b equal to some arbitrary small value
3. solve the differential equation numerically
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evaluate E,,

decrease (increase) a if E;, > 0 (E;, < 0) by some small increment
the increment of ¢ must be decreased if E,, (a;) - Esy (ai—1) <0
save a and b when E,, << 1

while b < b fipqr, increase b and go to step 3

set a equal to another special value and go to step 2

reverse the decision in step 5 and go to step 1
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6.5 Key Symbols

a =X Acceleration

a,b Parameters of the Mathieu equation

(a,b) Points on periodic curves of Mathieu stability chart
Aeey Characteristic numbers for Mathieu function cex

Gceyy,  Characteristic numbers for Mathieu function ceg 41
A --- F Point indicator on third stable zone of stability chart
A Coefficient matrix

b Lateral distance of a wheel from longitudinal x-axis
bfinar  The final value of b for which E,, being calculated
E Energy

E Energy-rate

Eqy Integral of energy-rate over one period T

18 Function

I Identity matrix

k Stiffness

K Kinetic energy

L Lagrangian

m Mass

m Fractional numbera =m?>, m = p+q,peN,0<q < 1
n Integer number a = n?neN

p Integer number p € N

P Potential energy

q Noninteger number 0 < g < 1

X Displacement, dependent variable of Mathieu equation
X Dependent variable vector

t Independent variable

w Well of energy-rate surface
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Exercises

1. Energy-rate function.
Determine the energy-rate function, E, for the following equations:

X428k +nx=0 (6.120)
i+ ax® = xcoswt (6.121)

¥ 4 ax’ = x cos? wt (6.122)
¥+ ax® = x%sin® ot (6.123)
X+ (¢4 Bsinhwt) x =0 (6.124)

2. % Coupled undamped Mathieu equations.

(a) Show that by combining two Mathieu equations

X +ax —2bycos2t =0 (6.125)
Y4+ ay —2bxcos2t =0 (6.126)

we find a fourth-order equation.

4sin2t ... i (2asas 8sin2r\ .. 4sin?2r
X a a——X
cos 2t cos2 2t cos2 2t
2 2 9 2sin? 2¢
+ | a” —4b” cos“ 2t +4a 5 —1))x=0 (6.127)
cos* 2t

(b) Determine the energy-rate function, E for the equation.
(c) Show that by combining two Mathieu equations

X4+ (@ —2bcos2t)y =0 (6.128)
V=4 (@ —2bcos2t)x =0 (6.129)

we find a fourth-order equation.

8bsin2t ... 2
X ———— x — (a—2bcos2t) x
a — 2bcos2t
8b cos 2t 32b? sin? 2t
_ cosst s S]x=0 (6.130)
a—2bcos2t (a—2bcos?2t)

(d) Determine the energy-rate function, E for this equation.
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3. % Coupled damped Mathieu equations.

(a) Show that by combining two Mathieu equations

X4+ hx+ (@ —2bcos2t)y =0
V+hy+ (@ —2bcos2t)x =0

we find a fourth-order equation.
X'4+A(a,b,t) X+B(a,b,t) x+C (a,b,t) x+D (a,b,t) x =0

where

8b sin 2t

A(a,b,t) = —
(@ ) a — 2bcos 2t

32b% sin® 2t 8b cos 2t
(a — 2bcos 2t)? " a—2bcos2t
1 — bsin2t 5
a — 2bcos?2t

B(a,b,t) =

+4h

32b? sin? 2t 8b cos 2t
(a — 2bcos 2t)? a —2bcos?2t

2 4b sin 2t
a — 2bcos 2t

C(a,b,t)=h

D (a,b,t) = — (a — 2bcos 2t)?

(6.131)
(6.132)

(6.133)

(6.134)

(6.135)

(6.136)

(6.137)

(b) Is it possible to transform the original equations to eliminate the damping

terms?

(c) Is it possible to develop the energy-rate function for this fourth- order

parametric equation?
(d) Show that by combining these two Mathieu equations

X+hy+ (@—2bcos2t)y =0
Y+ hx+ (@ —2bcos2t)x =0

we find a fourth-order equation.

¥+A(a,b, 1) ¥+B (a,b, 1) i+C (a,b, 1) i+D (a,b, 1) x =0

(6.138)
(6.139)

(6.140)
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where

Aa,b.1) =K, (@, b, 1)
x (—16b2 cos 2f sin 2 — 8bh cos 2t + 8ab sin 2t> (6.141)

B(a,b,1) =K, (—4bh3 sin 27 + 4b2h2 cos? 2:)
+K; (Sab c0s 2t — 324b% sin 2t — 16b% cos? 2t>

e (a2h2 — 4abh? cos 2t> (6.142)

C(a,b,1) =K, (—16b3h cos3 21 + 32b2h2 sin 2t cos 2;)
+K, <8bh3 cos 2t — 12a%bh cos 2t — 16abh? sin 2;)

Tk <2a3h + 24abh cos 2;) (6.143)

D, b t) =K, (—16b2h2 — 8a3b cos 21 + 24a%b? cos? 2r)
e (-32ab3 cos® 2t — 32b3h sin 21 cos? 2:)
+ K (—Sazbh sin 2t + 8abh? cos 2t>
+ K (32ab2h sin2¢ cos 2t 4 16b* cos* 21 + a4) (6.144)

1
4bh sin2t — (a — 2b cos 21)?

Ki(a,b, 1) = (6.145)

(e) Is it possible to transform the original equations to eliminate the damping
terms?

(f) Is it possible to develop the energy-rate function for this fourth- order
parametric equation?

(g) Show that by combining these two Mathieu equations

4 hy+ (@ —2bcos2t)x =0 (6.146)
Y+ hx+ (@ —2bcos2t)y =0 (6.147)

we find a fourth-order equation.
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¥A (b, 1) ¥+B (a,b, 1) ¥+C (a,b, ) 4D (a,b,)x =0 (6.148)

where
4b sin 2¢
A(@a,b,t) = ———— 6.149
(a ) o — 2bcos 2t ( )
B(a,b, 1) =2a — 4bcos2t — h? (6.150)
C(a,b,t) =4bsin2t 1+ ! (6.151)
a,b,t) =4bsin _ .
o — 2bcos 2t
—16bsin 2t
D(a,b,t) = —oosmAt (4b b—a) cos® 27 + 8b cos 21 + az)
o — 2bcos 2t
(6.152)
(h) Is it possible to transform the original equations to eliminate the damping
terms?

(i) Is it possible to develop the energy-rate function for this fourth- order
parametric equation?

4. Meissner equation.
The Meissner equation is another linear parametric differential equation similar
to the Mathieu equation,

X 4 (@ —2b sgn(cos2t))x =0 (6.153)
where
y = sgn (x) (6.154)

is the signum function.

(a) Develop the energy-rate function for the Meissner equation.
(b) % Develop the energy surface for the Meissner equation.

5. Mathieu square cosine term.
Apply the energy-rate method to determine the stability chart of the Mathieu
equation with squares cosine term.

d%x )
S+ (a — 2bcos 2;) x=0 (6.155)

Figure 6.37 would be a view of the energy surface of the equation.
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Fig. 6.37 Energy surface of the Mathieu equation with squares cosine term. X -+
(a — 2bcos? 2t)x =0

6. Mathieu square parametric term.
Apply the energy-rate method to determine the stability chart of the Mathieu
equation with squares parametric term.

d*x

e (a—2bcos2t)’x =0 (6.156)

References

Argyris, J., Faust, G., & Haase, M. (1994). An exploration of chaos. Amsterdam: North-Holland.

Bolotin, V. V. (1964). The dynamic stability of elastic systems. San Francisco: Holden-Day.

Brigham, E. O. (1974). The fast Fourier transform. Englewood Cliffs: Prentice-Hall.

Christopherson, J., & Jazar, R. N. (2005). Optimization of classical hydraulic engine mounts based
on RMS method. Journal of Shock and Vibration, 12(2), 119-147.

Christopherson, J., & Jazar, R. N. (2006). Dynamic behavior comparison of passive hydraulic
engine mounts, part 1: Mathematical analysis. Journal of Sound and Vibration, 290(3—4), 1040—
1070.

Cveticanin, L. (2014). Oscillators with time variable parameters. New York: Springer.

Cveticanin, L., & Kovacic, I. (2007). Parametrically excited vibrations of an oscillator with strong
cubic negative nonlinearity. Journal of Sound and Vibration, 304(1-2), 201-212.

Esmailzadeh, E., & Jazar, R. N. (1997). Periodic solution of a Mathieu-Duffing type equation.
International Journal of Nonlinear Mechanics, 32(5), 905-912.

Esmailzadeh, E., Mehri, B., & Jazar, R. N. (1996). Periodic solution of a second order, autonomous,
nonlinear system. Journal of Nonlinear Dynamics, 10(4), 307-316.

Jazar, R. N. (2004). Stability chart of parametric vibrating systems using energy-rate method.
International Journal of Non-Linear Mechanics, 39(8), 1319-1331.

Jazar, R. N. (2013). Advanced vibrations: A modern approach. New York: Springer.



518 6 Energy-Rate Method

Jazar, R. N., Mahinfalah, M., Mahmoudian, N., & Aagaah, M. R. (2009). Effects of nonlinearities
on the steady state dynamic behavior of electric actuated microcantilever-based resonators.
Journal of Vibration and Control, 15(9), 1283-1306.

Jazar, R. N., Mahinfalah, M., Mahmoudian, N., Aagaah, M. R., & Shiari, B. (2006). Behavior of
Mathieu equation in stable regions. International Journal for Mechanics and Solids, 1(1), 1-18.

Jazar, R. N., Mahinfalah, M., Mahmoudian, N., & Rastgaar, M. A. (2008). Energy-rate method and
stability chart of parametric vibrating systems. Journal of the Brazilian Society of Mechanical
Sciences and Engineering, 30(3), 182—188.

Mahmoudian, N., Aagaah, M. R., Jazar, R. N., & Mabhinfalah, M. (2004). Dynamics of a micro
electro mechanical system (MEMS). In 2004 International Conference on MEMS, NANO, and
Smart Systems (ICMENS 2004), Banff (pp. 688—-693)

McLachlan, N. W. (1947). Theory and application of Mathieu functions. Oxford, UK: Clarendon
Press.

Platonov, A. V. (2018). On the asymptotic stability of nonlinear time-varying switched systems.
Journal of Computer and Systems Sciences International, 57(6), 854-863.

Sheikhlou, M., Rezazadeh, G., & Shabani, R. (2013). Stability and torsional vibration analysis
of a micro-shaft subjected to an electrostatic parametric excitation using variational iteration
method. Meccanica, 48(2), 259-274.

Sochacki, W. (2008). The dynamic stability of a simply supported beam with additional discrete
elements. Journal of Sound and Vibration, 314(1-2), 180-193.

Wilcox, R. M. (1967). Exponential operators and parameter differentiation in quantum physics.
Journal of Mathematical Physics, 8(4), 962-982.



Appendix A
Trigonometric Formulas

Definitions in Terms of Exponentials

iz —iz
e +e .
cosz = —— =cosh (i)
2
: et —eit
sing = ———— = —isinh (iz)
2i
eiz _ efiz 1
tanz = = 7tanhz
i (e’Z + e"Z) 1

e'* =cosz+isinzg

e '*=cosz—ising

Angle Sum and Difference

sin(o = 8) = sina cos 8 & cosa sin B8

cos(o = B) = cosa cos B F sina sin B

sinh(o &= ) = sinh & cosh 8 & cosh & sinh 8
cosh(a & B) = cosh a cosh 8 F sinh « sinh 8

tana &+ tan 8

t +8H)=—-—
an(e £ B) 1 Ftanatan 8
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520 A Trigonometric Formulas

cotaxcotf F 1

t(a + B) =
cotl@ £ ) cot % cota

tanh o =+ tanh

tanh(¢ = ) = ———
anh(e £ §) 1 F tanh « tanh 8

Symmetry

sin(—a) = —sin«
cos(—a) = cosa

tan(—a) = —tano

Multiple Angles

2tan o

sin(2e) = 2sinoecoso¢ = ———
1+ tan? o

2

cos(2a) =2cos’a — 1 =1—2sin’a = cos’ a — sin

2tana
tan(x) = T ala p—

cot?a — 1
cotQa) = = 47
2cota

sin(3a) = —4 sin’ o + 3 sina
cos(3a) = 4cos’ o — 3cosa

—tan o + 3tana
—3tan?a + 1

tan(3x) =

sin(4a) = —8 sin® o cos o + 4 sina cos &
cos(4a) = 8costa — 8cosa + 1

—4tand o + 4 tana
tan*o — 6tan? o + 1

tan(4a) =

sin(Sa) = 16 sin® o — 20sin’ o + 5 sina

(A.11)

(A.12)

(A.13)
(A.14)
(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)



A Trigonometric Formulas

cos(5a) = 16 cos® o — 20 cos> o + 5 cos
sin(na) = 2sin((n — ) cosa — sin((n — 2)a)

cos(na) = 2cos((n — 1)a) cosa — cos((n — 2)a)

tan((n — o) 4 tan o

tan(no) =

1 —tan((n — 1)) tan

Half Angle

1
Cosgzi + cosa
2 2
Lo 1 —cosu
sin — = &,/ ————
2 2

o 1 —cosa sin o 1 —cosa
tan — = - = ==
2 sin o 1+ cosa 1+ cosa

) 2tan 3
sing = ———
1+ tan? §
1 —tanz%‘
cosq = ——=
1 4 tan? §

Powers of Functions
cos?a +sina = 1
cosh’a — sinh? @ = 1

sin®

o= % (1 — cos(Re))

1
sina cos @ = 3 sin(2a)

1
cos’ o = 3 (1 4+ cos(Rw))

3

sin” @ = % (3sin(a) — sin(3a))
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(A.27)
(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)
(A.37)

(A.38)

(A.39)

(A.40)



522 A Trigonometric Formulas

1
sin® o cos o = 7 (cosa — 3 cos(3a))

1
sina cos’ o = 1 (sina + sin(3w))

1
cos’a = y (cos(3x) + 3cosw))

1
sin*a = 3 (3 — 4 cos(Ra) + cos(4a))

1
sin’  cosa = 3 (2sin(2a) — sin(4a))

) 2 1
sin“ o cos“ a = 3 (1 —cos(4a))

1
sina cos® o = 3 (2sin(2a) + sin(4a))

1
cos*a = 3 (3 4+ 4cos(a) + cos(4w))

5

1
sin’ o = I (10sina — 5sin(3a) + sin(5w))

1
sin* @ cosa = T6 (2cosa — 3cos(3a) + cos(5w))

1
sin® o cos®> @ = 6 (2sina + sin(3a) — sin(5a))

1
sin & cos’ o = T (2cosa — 3 cos(3a) — 5cos(Sa))

4

1
sinq cos” o = T (2sina 4 3sin(3a) + sin(5w))

1
cosd o = T (10cosa + 5cos(3a) + cos(5w))

1 — cosRx)

tanfoy = —————
1+ cos(Ra)

(A41)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)

(A.52)

(A.53)

(A.54)

(A.55)



A Trigonometric Formulas

Products of sin and cos

cosacosfB = %cos(oz - B)+ %cos(oz + B)
. . 1 1

sina sin 8 = 3 cos(x — B) — 3 cos(a + B)
. 1. 1 .

sina cos B = 2 sin(e — B) + 3 sin(a + B)

cosasinf = %sin(a + B8) — % sin(a — B)

sin(e + B) sin(a — B) = cos® B — cos® a = sin’

cos(a + B) cos(a — B) = cos® B + sin®

Sum of Functions

o — sin2,3

+
sino & sin 8 = 2sin cosa p
2 2
cosa+cosﬁ=2005a+ﬂcosa_'3
2 2
cosoz—cos,B:—ZsinOH_ sina_'B
2 2
. . ., axp atp
sinh @ £ sinh 8 = 2 sinh > cosh >
cosh(x—l—coshﬂ=ZCosha_;'Bcosha_'8
cosha — cosh f = —2sinh atp sinh #
i +
tano::l:tanﬂ:M
cosa cos B
i +
cotoz:l:cot,B=SI.n('3—.a)
sin « sin B8
sin +sinf tan#

sina —sinfB  tan "‘*2*/3

523

(A.56)

(A.57)

(A.58)

(A.59)

(A.60)

(A.61)
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(A.63)

(A.64)

(A.65)

(A.66)

(A.67)
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524 A Trigonometric Formulas

sino 4 sin 8 —a+p
—— =cot
cosa — cos 2

sino + sin 8 . o+ B

cosa+cosp 2
sino@ — sin oa—p
—— =tan

cosa + cos B 2

Trigonometric Relations

sin? o — sin? B = sin(x + B) sin(a — B)

= cos’ B — cos®

cos a — cos? B = —sin(a + B) sin(x — B)

cos? o — sin’ B = cos(a 4+ B) cos(ax — B)

= cos’ B — sin” o

(A1)

(A.72)

(A.73)

(A.74)
(A.75)

(A.76)

(A.77)
(A.78)



Appendix B
Unit Conversions

General Conversion Formulas
N*m? ¢ ~ 4.448% x 0.3048” x 1b“ ft? s¢
~ 4.448% x 0.0254° x 1b%in? s¢
6% £tP ¢ ~ 0.22487 x 3.2808" x N¢m” s°
1b%in? ¢ &~ 0.2248% x 39.37" x N¢m” s¢

Conversion Factors

Acceleration
1ft/s*> ~ 0.3048m/s> 1m/s> ~ 3.2808 ft/ s’
Angle
l1deg ~ 0.01745rad 1rad ~ 57.307 deg

Area

1in® ~ 6.4516 cm? 1em? ~ 0.155 in?

1 ft> ~ 0.09290304 m? 1 m? ~ 10.764 ft>

lacre ~ 4046.86m?> 1 m? ~ 2.471 x 10~* acre

1 acre ~ 0.4047 hectare 1 hectare ~ 2.471 acre
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526 B Unit Conversions
Damping

INs/m ~ 6.85218 x 10-21bs/ft 1lbs/ft ~ 14.594N's/m
INs/m ~ 5.71015 x 10-31bs/in 1lbs/in ~ 175.13N's/m

Energy and Heat

1 Btu &~ 1055.056] 1] ~ 9.4782 x 107*Btu
Ical ~ 4.1868] 1J =~ 0.23885 cal
1kWh~3600k] 1MJ~0.27778kWh

1 ftlbf ~ 1.355818J 1J ~ 0.737562 ft1bf

Force
11b A~ 4.448222N 1N =~ 0.224811b
Fuel Consumption

1 1/100km ~ 235.214583 mi/ gal 1mi/ gal ~ 235.2145831/100 km

1 1/100km = 100km/ 1 1km/1= 100 1/100 km
1 mi/ gal ~ 0.425144km/ 1 l1km/1~ 2.352146 mi/ gal
Length
lin &~ 25.4 mm 1cm = 0.39371in

1 ft ~ 30.48 cm 1 m =~ 3.28084 ft
I mi =~ 1.609347km 1km ~ 0.62137 mi

Mass

11b ~ 0.45359kg  1kg~ 2.2046231b
1slug ~ 14.5939kg 1kg ~ 0.068522 slug
1slug ~ 32.1741b  11b ~ 0.03.1081 slug

Moment and Torque

1lbft &~ 1.35582Nm 1Nm =~ 0.737461b ft
Ilbin ~ 8.85075Nm INm~ 0.112981bin

Mass Moment

11bft? &~ 0.04214kgm? 1kgm? ~ 23.73 b ft?



B Unit Conversions

Power
1Btu/h =~ 0.2930711 W 1W ~ 3.4121Btu/h
1 hp ~ 745.6999 W 1kW ~ 1.341 hp
1hp ~ 5501bft/ s 11bft/s ~ 1.8182 x 1073 hp

11bft/h ~ 3.76616 x 1074W 1W ~ 2655.21bft/h
11bft/ min ~ 2.2597 x 102 W 1 W ~ 44.2541bft/ min

Pressure and Stress

11b/in? ~ 6894.757Pa 1 MPa ~ 145.041b/ in’
11b/ ft*> ~ 47.88 Pa 1Pa » 2.0886 x 1072 1b/ ft*
1 Pa ~ 0.00001 atm 1 atm ~ 101325 Pa

Stiffness

IN/m ~ 6.85218 x 10~21b/ft 11b/ft ~ 14.594N/m
IN/m~ 5.71015 x 103 1b/in 11b/in ~ 175.13N/m

Temperature

°C = (°F —32)/1.8
°F = 1.8°C + 32

Velocity

1mi/h = 1.60934km/h 1km/h ~ 0.62137mi/h
1mi/h = 0.44704 m/ s Im/s~2.2369mi/h
1ft/s~0.3048m/s Im/s ~ 3.2808ft/s
1ft/ min ~ 5.08 x 107> m/s 1m/s ~ 196.85 ft/ min

Volume

lin® ~ 16.39 cm? 1cm? ~ 0.0061013 in?
1£t3 ~ 0.02831685m> 1m3 ~ 35.315 ¢

1 gal &~ 3.7851 11~ 0.2642 gal

1 gal ~ 3785.41cm® 11~ 1000 cm?
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A
Aban, 223
Abel, Niels Henrik, 299
Acceleration, 59
Achaemenid, 222
Achaemenid dynasty, 13
Achaemenid Empire, 222
Adur, 223
Airy equation, 329
Airy functions, 329
Airy, George, 329
Algebraic equations, 233
Algebraic function, 259
Amount of substance, 3, 23
Ampere, 5,9
Analytic solution

coupled equation, 326

differential equation, 326, 327
Angle, 36

degree, 37

grad, 37
Anomalistic year, 219
Aphelion, 219
Approximate solutions, 47
Approximation theory, 49
Approximation tools, 393
April, 223
Archimedes, 108, 139
Archimedes number, 143
Archimedes’ scheme, 206
Ardwahist, 223

international union, 18
mass unit, 10
measurement system, 10
Avicenna, 163
Avogadro constant, 7

B
Base quantities, 3, 7
other, 14
Bernoulli, Daniel, 32
Bernoulli law, 32
Bessel equation, 331
Binomial identity, 264
Biot number, 143
Biruni, Abu Rayhan, 163
Blasius equation, 331
Bode, Johann Elert, 57
Boltzmann constant, 7
Bombelli, Rafael, 202
Bond number, 143
Brinkman number, 143
Broucke, Roger, 343
Brouncker, William Viscount, 202
Buckingham pi-theorem, 87, 93
Buckingham theorem, 98
Buckingham theory, 93
involved variables, 110
problems, 110
relationship, 110

Arians, 223 C
Aries, 222 Caesar
Astronomical Augustus, 223
force unit, 11 Julius, 224
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Caesar, Julius, 223
Calendar, 221
accurate, 223
Catholic Liturgical, 223
Coptic, 222
Gregorian, 221, 222
Jewish, 222
Julian, 222
Mayan, 222
New Year’s Day, 223, 224
Persian, 222
Revised Julian, 222
Romans, 223
Zoroastrian, 222
Calendar history, 221
Calorie, 17
Candela, 6
Candle, 9
Cantor, Georg, 231
Capillary number, 144
Cataldi, Pietro Antonio, 202
Catholic Liturgical Calendar, 223
Celsius, 9
Centimeter—gram—second system of units
(CGS), 7
Chebyshev equation, 331
Ciphir, 24
Conductivity, 17
Consistency, 35
Constant, 34, 35
Avogadro, 7
Boltzmann, 7
gravitational, 10
Planck, 5,7
Constant of motion, 297
Continued fractions, 191, 196, 209, 259
algebraic functions, 259
algorithm for characteristic numbers,
461
approximated, 225
arithmetic, 236
ascending, 226
consecutive, 233
continued radicals, 228
convergence, 224, 236
convergence speed, 292
convergence theorems, 226
convergents, 193, 198, 213-216, 220
differential equation, 350
elementary functions, 259
equivalent, 218, 228
exponential function, 287, 359
Fibonacci, 237
finite, 218

Index

function, 275
functional, 259
fundamental equation, 355
hypergeometric function, 288, 291
individual equations, 196
irrational number, 193, 195,211
Lagrange equation, 357
length of a year, 219
limit, 236
logarithmic function, 358
Mathieu alternative method, 458
Mathieu characteristic numbers, 454
Mathieu equation, 454
Miiller notation, 197
notation, 196, 197
numerical, 193
parametric equation, 354
periodic, 209, 213
polynomial, 277
power series comparison, 292, 293
Prima’s function, 359
Pringsheim notation, 197
quadratic equation, 211,233, 234
rational number, 193, 195
recurrence, 217
recursive, 213
recursive formula, 213
repeating quotients, 212
Riccati equation, 361
Rogers notation, 197
second degree equation, 235
second-order equations, 351, 352
series, 225
series expansion, 278
simple, 194
Sleszynski—Pringsheim theorem, 226
special functions, 259
square root, 235
successive, 232
successive convergents, 224
symbol, 198
Thiele’s formula, 300
transformation, 217
Worpitzky’s theorem, 226
Continued integral, 430
Continued products, 199
flip method, 200
radicals, 199
Continued radicals, 227
golden ratio, 227
Continued summation, 199
notation, 199
Continuity equation, 52
Convergence theorems, 226
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Conversion of units, 60
Coptic calendar, 222
Cotes, Roger, 37
Cubit, 12

D
Damkohler number, 144
Daraja, 38
Darcy number, 144
Darius the Great, 13, 222
da Vinci, Leonardo, 240
Day, 223
Dean number, 144
Deborah number, 144
December, 223
Dedekind, Richard, 230
Degré, 38
Degree, 37
Descartes, Rene, 229
Determinant method, 447
Differential equations, 473
homogeneous, 474
nonhomogeneous, 474
Dimension, 3,47, 48
degree, 48
exponent, 48
fractional, 60
power, 48
Dimensional
analysis, 1, 87
arithmetic, 33
characteristic parameters, 112, 128, 129
consistency, 35
derivative, 34
dimensionless products, 92
dimensionless variable, 88, 92
exponent, 34
H-group, 25, 26
homogeneity, 24, 29, 32, 33, 47-50, 52, 92,
93
integral, 34
matrix, 88, 89,91, 104
N-group, 25, 26
nonhomogeneous, 43
pi-theorem, 92
product, 34
quantity, 15
sum, 33
symbols, 15
variable, 88
Dimensional analysis, 1, 3, 24, 25,59, 64, 87
algebraic equation, 113
atomic explosion, 95

Buckingham technique, 93
Buckingham theorem, 111
deflection of beams, 105
differential equation, 113
dynamics, 87
fractional, 60
fundamental theorem, 111
inverse, 59
lever, 139
model and prototype, 137
Newton equation, 102
nondimensionalization, 88, 111, 113
orbit, 107
pi-function, 93
pi-number, 108
pressure drop, 104
Rayleigh method, 93
resistive force, 99
similarity theory, 137
static, 3
Dimensional homogeneity, 24-26, 32
Dimensional symbols, 15
Dimension indicator, 7
Dimensionless, 35
Dimensionless number, 108
Dimensionless quantity, 15
Divina Proportione, 240
Dram, 13
Duffing equation, 299
Dynamic similarity, 138

E
Eckert number, 144
Einstein, Albert, 19
Ekman number, 144
Electric current, 3,9, 23
Elementary functions, 259
Ellipse, 15,293
area, 293
continued fractions, 295
eccentricity, 15,294
perimeter, 293
rc length, 294
Elliptic function, 295, 296, 298
Jacobi, 298, 299
Elliptic integral, 295, 296
complete, 298
complete first kind, 295
complete second kind, 295
complete third kind, 296
first kind, 295, 298
second kind, 295
third kind, 296
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Emerson, William, 55 G
Energy-rate method, 473, 474,477-479 Galilei, Galileo, 158
energy surface., 480, 481 Gauss, Carl Friedrich, 289
enery-rate integral, 483 Gauss differential equation, 289
general equation, 477 Gauss function, 289
initial condition, 503 Generalized
Mathieu equation, 477 coordinate, 31
periodic chart algorithm, 485 Geometric similarity, 138
stability chart algorithm, 479 Golden ratio, 227,237, 238
Energy surface, 480 Grad, 37
Mathieu equation, 481 Grain, 13
stability chart, 481 Gram, 13
Equinox, 219, 222 Grashof number, 145
autumn, 219 Grave, 14
spring, 219 Gravitational constant, 10
Escape velocity, 93, 95 Greatest common divisor, 201
Espand, 222 Euclid’s algorithm, 201
Euler number, 144, 148 flip method, 201
Exact differential, 317 Gregorian calendar, 222
Exact solutions, 47 Gregory, Pope , 221

Exiguus, Dionysius, 224

Experimentalsolutions, 47

H

Hermite, Charles, 230
Hermite equation, 331
Hippasus, 229

History of calendar, 221
History of pi, 206

F

Fahrenheit, 9
Farvardin, 222
February, 223

Fibonacci numbers, 237, 238 Homogeneity, 24, 28, 29
F]ip method, 200, 208 Hunayn 38
approximation of pi, 203 Huygens, Christiaan, 203, 232, 233

continued fractions, 200
irrational numbers, 200
rational numbers, 200

Hypergeometric function, 288

Foot, 9, 12

Force, 9, 45 I ' o
Forced vibration, 115 Ill-nondimensionalization, 156
Frawardin, 223 Inch, 12

Income, 15

Fi
requency response Information, 15

attractive, 506

Froude number, 144, 164 Iranian, 37

Function
continued fractions, 275
elliptic, 295 J
Gauss, 289 Jacobi, Carl Gustav Jacob, 299
hypergeometric, 288 Jacobi function, 295
matrix, 274 Jacob number, 145
periodic, 273 Jalaluddin Malekshah, 223
polynomial, 273 Jewish calendar, 222
singular, 271 Julian calendar, 222
trigonometric, 273 Julius Caesar, 223

Fundamental units, 4, 7 June, 223
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K

Kashani, Jamshid, 37

Kelvin, 5,9

Kelvin, William Thomson, 22
Kepler’s third law, 149
Khayyam, Omar, 223
Khordad, 223

Khwarizmi, Muhammad ibn Musa, 24
Kilogram, 4, 5,9

Kinematic similarity, 138
Knudsen number, 145
Kutateladze number, 145

L
Lagrange, Joseph-Louis, 342
Lambert, Johann Heinrich, 300
Lambert’s cosine Law, 55, 56
Land price, 15
Large elastic deformation, 102
Large numbers, 23
American method, 23
billion, 23
British method, 23
French method, 23
German method, 23
milliard, 23
million, 23
names, 23
quadrillion, 23
Russian method, 23
septillion, 23
sexagesimal system, 23
sextillion, 23
trillion, 23
Legendre, Adrien-Marie, 297
Legendre equation, 314, 331
Leibniz, Gottfried, 14
Length, 3,9, 11, 12, 14, 16, 19, 23, 25,27
Length of a year, 219
Lewis number, 145
Line, 47
Liouville, Joseph, 230
Luminous, 3,9, 23
Luminous intensity, 6

M

Mach number, 145

Maclachlan’s characteristic numbers, 422
Maclaurin series, 260, 261

March, 223

Mass, 3, 14,20, 23, 25,27, 45, 46
Mathieu-Duffing equation, 124, 425, 430
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Mathieu, Emile Leonard, 410
Mathieu equations, 134, 135,395

angular, 410

behavior, 491

characteristic numbers, 396, 404, 412, 452,
485

circumferential, 410

continued fractions, 454

coupled, 498

damped, 406, 501

determinant equations, 452

energy-rate method, 491

energy surface, 481,491,493, 502

Fourier series, 416, 448

fractional order, 422

history, 409

importance, 407

initial conditions, 503

matrix method, 452

negative b, 436

nonlinear, 425

periodic line, 505

periodic solutions, 396,407,412, 416, 454

power series, 396

power spectral density, 498

radial, 410

series solutions, 412,415

stability, 409

stability chart, 477,479

stability chart algorithm, 479

without damping, 406

wrong initial conditions, 505

Mathieu functions

characteristic curves, 417
characteristic numbers, 416, 417,433
cosine elliptic, 396, 404
determinant method, 447
Fourier series, 416

fractional order, 422
negative b, 436
normalization, 446

periodic solutions, 412,416
radial, 410

recursive equations, 434, 438
recursive relations, 432

sine elliptic, 396, 404
stability chart, 417

Mathieu stability chart, 417,422
Maxwell, Clerk, 15

May, 223

Mayan calendar, 222

Meter, 4

Meter—kilogram—second system of units

(MKS), 7
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Metric systems, 9

Mihr, 223

Mil, 40

Mile, 13

Milliradians, 40

Model, 137, 139

Model and prototype, 137, 139, 142
air flow, 147
engineering, 139
fluid flow, 148
Kepler’s law, 149
vehicle dynamics, 150-153, 155
water flow, 147

Moira, 38

Mole, 6,9

Momentum, 45

Mouton, Gabriel, 14

mrad, 40

Murdad, 223

N
Natural laws, 47
Navier—Stokes equation, 52
Newton
equation of motion, 54, 58
gravitational equation, 45
gravitational law, 46
law of cooling, 55
principia, 45
second law, 45
Newton equation of motion, 45, 54
Newton gravitational equation, 45
Newton gravitational law, 46, 102
Newton’s second law, 45
New Year’s Day, 224
Nondimensional, 35
Nondimensionalization, 111, 121
algebraic equation, 113
cantilever, 132
differential equation, 113, 115, 123
dimensional characteristics, 121
dimensional coefficient, 123
ill, 156
projectile, 135
vehicle dynamics, 126, 128, 130
November, 223
Null, 24
Numbers
algebraic, 194, 229
Archimedes, 143
Biot, 143
Bond, 143
Brinkman, 143

Index

Capillary, 144
Damkohler, 144
Darcy, 144
Dean, 144
Deborah, 144
decimal, 230
Eckert, 144
Ekman, 144
Euler, 144, 148
Froude, 144
geometric, 229
Grashof, 145
incommensurability, 240
irrational, 193-195, 228
Jacob, 145
Knudsen, 145
Kutateladze, 145
Lewis, 145
Mach, 145
natural, 231
Nusselt, 145
Peclet, 145
Prandtl, 146
rational, 193-195
Rayleigh, 146
Reynolds, 146
Richardson, 146
Rossby, 146
Schmidt, 146
Senenov, 146
Sherwood, 146
Stenton, 146
Strouhal, 147
Taylor, 147
transcendental, 206, 228-231
Weber, 147
Nusselt number, 145

0o
October, 223
Organization
International Standard, 38
Orthogonality, 445
Ounce, 13

P

Pace, 13

Pacioli, Luca, 240
Pahlavi, 223

Paper size, 241
Parameter, 34, 35
Peclet number, 145
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Pendulum, 28, 30, 43, 44,299 Problem
elastic suspension, 410 three-body, 342-350
moving support, 402 two-body, 337
simple, 28, 43,299, 388 Problems of Buckingham theory, 110
spherical, 30 Projectile, 78

Periodic chart algorithm, 485 Proportionality, 53-55, 57, 58

Periodic differential equations, 419 differential equations, 57

Persian, 13, 24, 37, 163, 222, 223 equation of motion, 58
calendar, 222 linear systems, 57

Persian calendar, 222 Proportionality sign, 55
months, 223 Prototype, 137, 139

Persian Empire, 13 Pythagoras, 25

Physical quantities, 3, 7, 14, 25,27, 35 Pythagoras’ equation, 25
derived, 21 Pythagoras’ theorem, 50
other, 14 Pythagoreans, 229

pi, 108 Pythagorean theorem, 229

Picard’s method, 327
pi-group, 103, 104

Pisces, 222 Q . .
pi-theorem, 87, 93 Quadratic equation, 234

Planck constant, 4, 7 Quintilis, 223
Planck—Einstein equation, 54

Plane, 47 R
Planetarii, Descriptio Automati, 203 Radian, 37, 38
Planetarium, 232 Ramanujan, Srinivasa, 241
Point, 47 Rankine, 9
Pompilius, Numa, 223 Rayleigh method, 30
Pope Gregory, 221 Rayleigh number, 146
Population, 15 Recursive equations, 434
Pound, 9, 13 Recursive method, 432
Power series, 49, 260 arithmetic progression, 437
arctangent function, 266 Fibonacci sequence, 438
combination, 264 geometric progression, 438
convergence, 260 natural numbers, 437
derivative, 264, 265 proof, 444
differential equation, 301 Recursive sequences, 437
even, 269 Reductio ad absurdum, 228
exponential function, 263 Reduction to absurdity, 228
integral, 264, 265 Reynolds, Osborne, 101
inverse polynomials, 267 Reynolds number, 101, 146, 148
Maclaurin, 260 Rhind Papyrus, 241
matrix functions, 274 Riccati equation, 361
new, 272 Richardson number, 146
odd, 271, 284 Roller coaster, 79
radius of convergence, 260, 265, 272 Roman, 13,223
radius of curvature, 265 Romans calendar, 223
remainder, 262 months, 223
Taylor, 260 Rossby number, 146

two variables, 262
Prandtl number, 146

Pressure drop, 104 S .
Prima’s function, 359 Sanskrit, 24
Principia, 45 Schmidt number, 146

Pringsheim, Alfred, 197 Schwenter, Daniel, 202
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Second, 4

Seljuq Empire, 223

Senenov number, 146

September, 223

Series expansion
continued fractions, 278

Series solution, 301, 337, 342
coupled equation, 319, 322,324
derivative method, 302, 331
differential equation, 301-304, 308, 311,

312,314,317,319, 321, 322,324,327

first order equation, 317
first-order system, 332
free dynamics, 332
Legendre equation, 314
nonhomogeneous equation, 312
nonlinear equation, 308, 312
second-order system, 334
substituting method, 302
successive approximations, 327, 328
three-body problem, 342
transformation, 364
two-body problem, 337
variable damping, 311

Series solution transformation, 364

Series to continued fractions, 225, 278-287,

364

Euler method, 285-287
first-order system, 369
nonlinear system, 370
transformation, 364

Sextilis, 223

Shahrewar, 223

Shekel, 13

Sherwood number, 146

Sidereal year, 219

Sifr, 24
Similarity, 137, 138
air flow, 147

complete, 140, 142
criteria, 138
dimensional parameters, 138
dynamic, 138, 143, 147
fluid flow, 148
geometric, 138
incomplete, 140, 142
inverse, 148
kinematic, 138
theory, 137
thermal, 138
water flow, 147
Similarly, 54
Sina, Abu Ali, 163
Singular function, 271

Singular points, 271

Size effects, 158
animal in polar regions, 160
bird’s wing, 160
concrete column, 159
fish, 164
Gulliver, 164
warm-blooded animals, 165

Sleszynski—Pringsheim theorem, 226

Solution
approximate, 47
exact, 47
experimental, 47
Spandarmad, 223
Special functions, 259
Speed, 59
Square-cube law, 162, 163
Stenton number, 146
Steradian, 6
Stére, 14
Stevin, Simon, 14
Stolz’s theorem, 217, 300
Strain, 37
Strouhal number, 147
Summations technic, 305
Sunia, 24
Superposition, 53, 58
Surface, 47
Symbols, xii

T

Taylor, Geoffrey Ingram, 95
Taylor number, 147

Taylor’s atomic explosion, 95
Taylor’s formula, 260

Taylor series, 260, 262, 300, 331

Temperature, 3,9, 16, 21-23, 25, 55

triple-point, 5
Theorem

Buckingham, 98
Theory of functions, 273
Thermal similarity, 138
Thiele’s formula, 300
Three-body problem, 342

Time, 3,9, 17, 19, 23, 25, 27, 46, 55

barycentric coordinate, 19
barycentric dynamical, 19
ephemeris, 18, 19
fundamental standard, 18
ISO standard, 19
Newton’s ideas, 46
terrestrial, 19

universal, 18
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Titius—Bode’s law, 56

Titius, Johann Daniel, 56

Transcendental, 41, 48
function, 48

Tropical year, 219

Ttime, 16

Two-body problem, 337
equations of motion, 337
fundamental invariants, 340
kinetic energy, 337
Lagrangian, 337
Lagrangian coefficients, 341
potential energy, 337

U

uncia, 12

Units, 3
astronomical, 10, 11
atomic, 23
base, 62
base 10, 13
basic, 23
British imperial, 23
British Mass System, 7
British system, 61
CGS, 7,9,23
conversion, 60—-62
derived, 21
dimensional, 4
dimensionless, 4
Egyptian, 23
emu, 23
esu, 23
foot-pound-second (FPS), 23
force and mass, 11
Gauss, 23
gravitational constant, 64
international electrical, 23
international system, 13
length, 12, 13
metric, 13, 18
MKpS, 23
MKS, 7,9, 10, 60
MKSA, 23
modern systems, 23
MTS, 10, 23
name, 12
nondimensional, 4
old British-American, 13
Persian, 13,23
prefixes, 21
sexagesimal, 13
SI,7,10,13,21
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USCS, 7, 8

US customary, 8, 11, 12,23

weight, 13
Unit system, xii
United States Customary Units (USCS), 7
Universal time, 18

\'%

Value, 15

Variable, 34

Variable dimensions, 65

Vehicle dynamics, 125-128
planar, 125

Vibration
beam, 121
forced, 115
fundamental mode, 123
linear, 115
nondimensionalization, 121
parametric, 124
transverse, 121, 124
two degrees-of-freedom, 118
variable damping, 311

Viéta, Francois, 207

von Lindemann, Ferdinand, 230

w

Wahman, 223

Wallis, John, 202

Weber number, 147
Wilkins, John, 14
Worpitzky’s theorem, 226
Wronskian, 429, 430

Y
Year
anomalistic, 219
approximate, 220
astronomical, 219
error, 221
exact, 220
length, 219, 221
sidereal, 219
tropical, 219, 220
ynce, 12

7

Zero, 24

Zodiac, 222

Zoroastrian calendar, 222
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