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PREFACE

Only by the power of knowledge can one pass through the regions of the Sky
and the Earth [1].

| Runway Ready - Lights, Camera, Action

Learning to fly is a decision of a lifetime. This work is intended for aviation
enthusiasts in particular and life enthusiasts in general, combining technical
flight-related topics with a personal journey. Both a reader new to the field
working toward a recreational, private, or commercial license as well as a reader
who is already flying a single-piston or multi-engine aircraft will benefit from the
content, and so will the readers who do not know how to make that first step, the
dreamers who are equipped with the wide-angle vision of becoming a pilot, taking
this challenge as a hobby or a profession, whatever their age.

It is a common misconception to think that success is a “random act of luck”
because some people make it look so easy, so accessible, and so effortless. No, it
is not. The journey is long and eventful, and a wide range of events, expected and
unexpected, happen along the way. When it comes to {lying, the smallest changes,
from the environment to personal rituals such as diet, exercise, or studying habits,
can make a difference. A lot of things can contribute to success—small things such
as how snug your belt is, how often you drink water from a bottle, having bananas,
taking organic ginger supplements before each flight, the flying club you adopt as
your new family, the instructor(s) you pick, and your relationship with the aircraft
and how respectfully you treat it the minute you set your eyes on that beauty.

What can you expect along this journey? The moments of tears and joy when
flying solo or duo; the first solo experience; the short and long cross-country
flights; the first time on top of the clouds; the haze spread by the wind turbines
in the distance; the walkaround on a quiet morning with birds singing, the Sun
shining, and dew covering the ground; the challenges of controlling the aircraft
when flying low during a crosswind landing—where you scramble to hold on to
the throttle but settle for the instrument panel instead, since the throttle is already
taken—f{ighting with mother nature; diving into the study resources, taking online
webinars, watching YouTube videos, reviewing official information resources such
as the Aeronautical Information Manual (AIM), and surfing the web for more
information; they are all part of that original decision and the journey. They are all
part of the experience, like musical notes in a symphony.

This book includes technical information which should help you understand
the related sciences and technology that go into flying. It also talks about the do’s
and don’ts, and what to watch for when starting out as a novice along the journey
to become a professional pilot. This journey is full of events, a lot of enjoyment,



Xiv ® FLIGHT SCIENCE

and also moments that make the bleeding heart speechless. The purpose is to help
and encourage the reader to persist in their dreams in a safe fashion. Thus, move
in the direction that your heart desires, to the tune to which it sings and dances.
Move toward the good ethical tingles in the bottom of your belly; your love and
passion at moments of doubt and defeat; the smile and the warmth that fills your
heart when you fly an old tail dragger for the first time, and the excitement of
landing it—looking forward to soft-landing on a grass field; the dream to take off
and land a floater from the neighborhood lake bordered by maple trees; the full
4 la carte of emotions, colored with shades of saffron, spread by mother nature
with utmost perfection when fighting for control of the airplane, when flaring
to a safe destination; the reactions of your seven chakras (mainly, heart, solar,
sacral, and root ones) to everything around you, knowing that you are grounded,
deeply rooted, even if you are on your own, all by yourself, soaking your feet in
one of the Great Lakes. Flying is not loving the smooth and hating the bumpy
sky; as it turns out, indifference is the opposite of love and not hate. It is all about
professionalism, work ethic, understanding, deep respect, and self-control. Are
you runway-ready? Lights, Camera, Action.

Road Map

A road map is an approach or stratagem intended to accomplish a specific
goal. This section provides a road map for this work. It presents a clear picture
of where the journey starts, is headed, and ends—which is really the start of
the next journey. The recommended stepping stones as well as the milestones
are provided. This book introduces certain aspects of science and mathematics,
including mechanics and dynamics, in the context of topics related to aviation,
from the wheels-up to the wheels-down, and the time in between—in that order.
The author recommends following this sequence, without skipping sections;
furthermore, the author encourages you to attempt the problems to make the
experience more rewarding. There are a number of case studies presented at the
end of each chapter under the title “Examples” that are to be studied carefully to
improve the reader’s comprehension of the chapter’s subject.

Chapter 1 introduces the connection between aeronautics and thermo-fluid
sciences, which comprise thermodynamics, heat transfer, and fluid mechanics. The
focus is on the historical significance of these sciences and their contribution to
aeronautics. Additionally, the history of progress in atmospheric thermodynamics
is highlighted. An introduction is given to thermodynamic diagrams to characterize
weather in the short term and climate in the long term. The concept of energy
balance as it applies to a parcel of air (or any other medium) is provided.

Chapter 2 focuses on meteorology related to flying to that dream destination,
such as the factors affecting the decision of whether to fly, given the flight rules,
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either visual or instrument. Examples of weather minima are provided, and the
reader is encouraged to check for regulations when flying in different regions.

Chapter 3 discusses climate and atmospheric thermodynamics, the layers and
their characteristics, variation of temperature with the altitude—also known as
the lapse rate, temperature as an interdependent property along with related
terms such as dry-bulb, dew-point, virtual, potential, and equivalent temperatures
and the influence it has on the speed of sound. Pressure, another interdependent
property, is discussed afterwards along with related terms such as stagnation and
dynamic pressure, and pressure altitude. Airspeeds, such as indicated, calibrated,
equivalent, and true, are defined, accompanied by the relationships that present
them for both subsonic and supersonic speeds. Other thermodynamic properties,
including density, density altitude, humidity, enthalpy, and their effects on the
atmospheric stability, conclude this section.

Chapter 4 is about thermodynamics of air systems. It starts with an introduction
of thermodynamics of air in general, progressing to the characteristics of moist
air, and introduces the models that characterize weather in the short term and
climate in the long term. The most accurate methods are selected and presented,
including well-known weather diagrams such as the Stiive diagram, Emagram,
Tephigram, Skew-T Log-P diagram, and Theta-Z diagram, as well as the
Psychrometric Chart as a more general diagram to obtain properties of the moist
air. Weather data, mainly consisting of dry-bulb and dew-point temperatures, as
well as wind information such as magnitude and direction as a function of the
altitude, are plotted on these diagrams; other properties such as lifting, convective
condensation, and equilibrium levels, as well as equilibrium temperature, can also
be calculated. Stability criteria, such as convective available potential energy and
convective inhibition, can also be estimated using charted weather data. Weather
reports including aviation routine weather reports, pilot reports, and terminal
aerodrome forecasts are presented. A section on wind concludes this chapter.

Chapter 5 focuses on the dynamics of air and applicable forces. The importance
of the shape of airfoils is discussed. Historical examples are provided to present
airfoils that made a large impact on the aviation industry. The influence of angle
of attack on lift and drag forces is discussed. The difference between pitch angle
and angle of attack is clarified. The forces applied to descending and ascending
aircraft, such as weight, drag, lift, and thrust, are discussed in the last portion
of this section. A real-world example as part of a case study is presented in this
chapter: the first electric aircraft ever, made in Perth, Australia (Electro.Aero),
which is environmentally friendly with an approximate continuous flight time
reaching 1.5 hrs and with growing potential.

Chapter 6 discusses the piston engine and the combustion process. Some
aircraft systems, such as electrical, fuel, power plant, and vacuum subsystems, are
reviewed. The mechanical implications along with thermo-fluids are the center
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of attention—conservation of energy and mass in particular. Thermodynamic
relationships for the flow inside the Venturi tube are derived. The combustion
process is investigated in some detail, with the octane and heptane fuels
considered individually and also in combination. The chemical formulae, mass-
balance relations, and methods to calculate the heat of combustion are presented
for the complete combustion process as well as for one with excess air in the
products, resulting in the production of extra oxygen, nitrogen, and carbon oxides.
Chapter 7 presents an overview of unmanned flying objects, including drones.
Their purpose and a brief history of their development is provided along with the
advancements they have undergone up to their current state. These objects are
either unpowered or equipped with their own propulsion systems. They can also
have different configurations. For example, they may be fixed-wing and require
some distance for takeoff and landing, or rotor style, like copters, requiring little
space to take off and land. Each of them has its own characteristics, including
maneuverability and operational requirements. The applications of various
unmanned flying objects are identified: they may be used in combat missions
or for taking photographs of natural beauties or disasters. The mechanical
forces applicable to the drones are discussed as the next step, followed by the
introduction of the proportional, integral, and derivative control concepts.
Chapter 8 discusses performance charts. This part is for aviation enthusiasts
but also for math enthusiasts who want to apply their mathematical tools as
a “hammer” to “nail down” all kinds of problems; the “hammer” used here is
regression analysis. There were times when making complex calculations would
have taken hours or even days. Nowadays, with the progress of computing tools
and the introduction and advancement of high-performance computing machines
and virtual laboratories to facilitate computing capabilities among educational
institutions, the difficulties of the past (perhaps only twenty years ago) are long
forgotten. The author recalls the master’s supervisor’s comment on the need to
queue in order for a Fortran card to be processed (punched) when completing
one’s doctoral thesis; it would have taken hours for the computational results to
be produced, and if revisions were required, another set of cards would need to
be created and put in a queue for a new set of calculations, and so on. Nowadays,
computational lives seem so hassle-free, don't they? Therefore, the engineer-
mathematician devotee should explore some of these methods and tools to gain
a better understanding of the current state of affairs of the mathematical world
and the capabilities it can offer to enhance the performance of any organization.
In the aviation industry, performance chart data are one potential area for
application of regression analysis methods, which can easily be developed into a
long-time relationship with regular customers. The reader may be familiar with
the concept of the customer emphasized in performance review charts where,
in a matrix management environment, those in a position of authority relating
to certain tasks can ask a colleague to complete engineering tasks in a timely
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fashion—also known as internal and external customers—which is applicable
to one’s next-door colleague or a colleague working for a parent company
somewhere overseas. On performance charts, the influence of predictor data such
as pressure altitude, temperature, and revolution per minute on response data
such as true airspeed or brake horsepower can be investigated. Additionally, the
takeoff and landing data may be analyzed given the pressure and temperature
altitude, and the results may be employed in making urban planning decisions
when designing and building aerodromes or runways, or when selecting aircraft to
operate at individual runways. It seems relevant that only after thousands of hours
of individual, dedicated work along with millions of hours of collective work, a
detailed data analysis can be performed with results applicable to recognition of
the product, its efficiency, and the direction in which the design and production
of the future platform is headed.

Chapter 9 is about navigation. This topic is one of the most important elements
of flying; perhaps it is the concluding one, as all the previously learned skills are
to join together and make sense of the entire experience. The significance of this
field is evident in how it has been included as part of a liberal arts education.
Navigation is an art, and that must be for the lives, countries, and continents it has
saved during history from the time of Magellan, when land and sea exploration
and navigation were of the utmost importance for trade and power expansion; to
the time of Galileo, when space exploration and navigation became an irresistible
thought for curious minds, the outliers who were introduced as “fugitives” of
their time and were ridiculed, shunned, interrogated, and executed. If it were not
for those individuals, the Earth would have still been flat and the center of the
universe, with the Sun as one of its moons.

The concepts of mapping and land surveys are discussed as well, explaining
how King William the Conqueror introduced the idea of bookkeeping land
locations along with their areas and owners, which was further developed by
Napoleon Bonaparte in France and spread to the rest of Europe. Concepts such
as latitude, longitude, great circle, thumb line, variation, zenith, and azimuth
are also discussed. Coordinate systems are discussed, as well as vector algebra to
provide tools required to connect the dots on the map, to find one’s way. Charts
are then discussed, including the Mercator Conformal Projection Chart with its
most useful variations (Transverse and Oblique), the Lambert Conic Conformal
Projection Chart, and the Polar Stereographic Projection Chart. Pilotage and
dead-reckoning are introduced as methods to navigate through unknown lands.
Related subjects including time zones, distances between locations on the Earth,
identifying geographical references for locations using grid systems, and the use
of an almanac to calculate the Sun’s position when doing celestial navigations are
presented as well.

Chapter 10 discusses the flight plan, the modern heir to navigation.
Terminologies such as visual and instrument flight rules are presented along
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with tools such as direction measurement equipment systems. The concept of
airworthiness is discussed in detail (what it takes for an aircraft to fly) as well as
weight-and-balance (how to ensure the forces on the aircraft are in equilibrium).
Technical methods of communication and line of sight are discussed. Wind as
a vital element in making flight plans is presented, along with how to use it in
calculations to determine true and magnetic headings. It is explained how the
crosswind and headwind components affect flight time and ground speed. Cross-
country flight planning is covered, including diversions. Practices that assist with
making cross-country flights more pleasant and rewarding experiences are shared
with the reader. The collection of case studies presented in this chapter may be
used as a guide when the reader attempts to make a detailed flight plan in a flight
simulation or in real-life situations.

Chapter 11 is dedicated to special scenarios; these are the cases in which ground
speed calculations, given desired and constant headings, are formulated. Point of
safe return as well as critical point are discussed along with derived equations
and applicable conditions. Methodologies to calculate ground speed as an
approximate or exact technique are provided. Diagrams are shown presenting the
relationships between ground speed, crab angle, wind magnitude and direction,
and distances (point of safe return and critical point). Precision approaches are
briefly discussed, and relationships used for non-precision approaches, such
as rate of descent, descent angle, and gradient of descent, are derived. The
mechanics and glide distance in an engine failure scenario are presented. Gyro
errors are discussed along with their possible sources. Cabin pressurization as a
technological advancement and also its effect on human physiology are discussed.
Related formulae are presented to determine the maximum altitude at which
an aircraft is capable of flying—given the difference between the interior cabin
pressure and that of the exterior.

Chapter 12 presents a case study based on a recently carried out, self-made
conversion of a plane from a piston engine to a turboprop (the Wilga DRACO)
in the United States that was first presented at the 2018 Experimental Aircraft
Association (EAA) Air Venue in Oshkosh. This aircraft is a powerful monster
with a takeoff and landing performance almost rivaling that of a helicopter, with
backcountry flying abilities that can only be envied. Mechanical forces (ie.,
lift and drag) and simulated lift and drag coefficients are analyzed along with a
simulated flight plan that considers wind magnitude and direction along with
magnetic variation. The minimum true airspeed required to keep the aircraft aloft
is calculated for different angles of attack.

Chapter 13 provides some insight on preparation for a flight, including upper
air work and groundwork on regular days and the day of the check ride, the
test day. It talks about good practices that prepare the student to take steps as
efficiently as possible, to make the experience pleasant, more rewarding, and to
promote good airmanship.
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Chapter 14 talks about good practices and lean six sigma implementation
applicable to engineering and non-engineering fields in which the product
lifecycle (Conceive, Design, Implement, and Operate) is used. It talks about
preferred approaches to flight training and learning, as well as whether it is even
appropriate to talk about a preferred approach. Crew resource management after
interactions among flight crew members have gone awry has been given plenty of
attention. Thousands of hours have been dedicated to analyzing what happened
before, during, and after each incident, and only a few of them point fingers at the
responsible individual(s); these examples are meant as learning experiences and
to make things better in the future.

Chapter 15 contains concluding remarks, the last remarks on practicing good
judgment when organizing flight-related activities, including learning. It provides
some examples of recent developments in space exploration and what is to come
next. This work coincides with NASA celebrating its sixtieth anniversary; the
fiftieth anniversary of the Apollo program; the launch of Parker—the Sun’s first
close-orbiting satellite and the fastest among its peers—by NASA; the launch of
Falcon Heavy, a space launch vehicle designed and manufactured by SpaceX,
to Mars’s orbit; the launch of ICESat-2—a laser-armed satellite—into space to
monitor the seasonal change of ice thickness with an accuracy of a fifth of an
inch; a lunar masonry study by ESA to explore how one could use lunar dust
for making habitable structures on the Moon; and a solar-powered version of
the Zephyr drone, also called a high-altitude-pseudo-satellite, by Airbus, setting
a flight record of approximately 26 days, and flying at an altitude of 70,000 ft
(21,300 m). This is only to name a few examples.

The flight experience may be chosen as a profession or hobby; nevertheless,
how it is perceived does not necessarily reflect the sense or level of commitment
that the adaptor brings to the experience or feels deep down. It does depend on
the will and level of competency to take the experience to higher altitudes and
make it meaningful for the self or others.

If you are a student working toward your private or commercial pilot license,
you can expect to be supported by your flight school. If such support does not exist
or the instructor tells you that “you will have to pay me to give you instructions,”
you should seriously consider switching the instructor or flight school before
wasting any more money.

Finally, all the uncredited illustrations in this work were generated by the
author using Computer Aided Design and other software. Modern liberal arts
of history, languages, literature, mathematics, philosophy, and science along with
their medieval predecessors (i.e., arithmetic, astronomy, geometry, grammar,
logic, music, and rhetoric) are closely intertwined throughout this work as they
are also in the world around us.
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CHAPTER

CONNECTION BETWEEN
AERONAUTICS AND THERMO-FLUID
SCIENCES

(a) traveling through the air like a bird or an airplane, (b) a flock of
birds in the sky, (¢) a number of military planes flying in formation,
(d) an escape, (e) a set of steps between two levels, (f) an extravagant or

Looking up flight in a dictionary, you will find several meanings:

implausible idea or the process to reach one, and (g) a tail of an arrow [2].

Each of the previous definitions in some way relates to the idea of flying.
All cases entail an action or object that ideally reaches for something distant.
The remoteness of the concept or thing, and the mission to grasp it, has
been the subject of speculation by humans for many years. Humans have
expressed these thoughts throughout the ages as they enviously watched

the creatures capable of flight [3].

1.1 Thermo-Fluid Sciences

Thermodynamics, fluid mechanics, and heat transfer, known as
thermo-fluid sciences, are the three sciences that contribute to atmospheric
thermodynamics and fields of study associated with climate variation,
buoyancy of flying objects in the air, and heat and work created to make
the operation of buoyant systems and subsystems possible. Examples of
the latter are the combustion process for piston and jet engines and force
balance in flight dynamics. The historical significance of these sciences
and their contribution to aeronautical sciences, especially in flight-related
subjects, are the focus of this work in general and this section specifically.
The following paragraphs provide a brief historical overview of these

sciences.
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Thermodynamics is related to temperature and change of internal
energy and their association with other forms of energy such as heat or work.
Four laws of thermodynamics have been identified as the main governors of
the physical phenomena occurring in nature: (a) zeroth law—two systems
each in equilibrium with a third system are in equilibrium with each other,
(b) first law—internal energy of systems does not change, (c¢) second law—
heat flows from higher temperature to lower temperature, and (d) third
law—entropy of a system approaches zero as its temperature approaches
absolute zero. A system is defined as a group of particles whose interactions
and properties are defined by the equations of state. The molecules are not
necessarily homogeneous, and therefore their properties may be defined by
means of thermodynamic laws for reacting and non-reacting mixtures that
consider each property and its significance [4,5].

Fluid mechanics describes the mechanics of fluids (e.g., gases, liquids,
and plasmas), including the forces applied to them or exerted by them.
The latter is commonly known as the third law of Newtonian mechanics
or action-reaction law. It states that for every action, there is a reaction
that is equal in its magnitude but opposite in its direction. Depending on
the spatial and temporal variation of fluid molecules, fluid statics or fluid
dynamics disciplines apply. The former involves studying fluids at rest, and
in the majority of cases in an equilibrium state, while the latter involves
the study of fluids in motion. For example, the oleo system of the Cessna
aircraft takes advantage of a hydraulic-pneumatic system and, combined
with a dynamic system, acts as a shock absorber, softening the impact of
the nose wheel on the runway when landing. Fluid statics, also known as
hydrostatics, investigates the behavior of a still fluid when it is in equilibrium,
such as change of atmospheric pressure with altitude. If you wonder about
the flatness of liquids within any container, hydrostatics provides the
explanation. Fluid statics is the foundation for use and transfer of liquids in
engineering applications. Fluid dynamics is related to fluid flow, focusing
on the active forces applied to a stationary or moving buoyant object
submerged in either moving or stationary flow. The nature of this complex
interaction is investigated in computational fluid dynamics [6,7,8,9,10,11].

Heat transfer is the science that examines the effect of temperature
change in physical phenomena. It involves spatial and temporal change
of internal or external temperatures, whether it is a closed system, in
which only energy in the form of heat and work crosses boundaries; or an
open system, where mass in addition to energy (heat and work) can cross
boundaries. A heat transfer process may also include cases of temperature
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remaining constant for the entire period (isothermal); for example, when a
phase change occurs. Heat transfer involves two main modes: conduction
and radiation, depending on the media in which the energy is transferred.
For conduction to take place, either in its pure or subsidiary forms (such
as convection, where the gaseous molecules come in contact with solid
surfaces), matter (as atoms or molecules) needs to be present. When fluid
in the form of gas comes in contact with a solid surface, the heat transfer
mechanism takes a hybrid approach. It combines the conduction mode
in solid and liquid. Additionally, the momentum of the bulk of the fluid
contributes to transferring some of the heat (advection). In the radiation
mode of heat transfer, electromagnetic waves transmit energy. This explains
why the Soyuz (Coto’3) spacecraft is covered with a thermal blanket—the
blanket protects it from overheating when exposed to the Sun’s radiation.
Isohels (lines of constant solar radiation of the same intensity as sunshine)
may be employed to identify the areas of space where the spacecraft is
exposed to maximum solar radiation. This also explains why we are
interested in thermal modeling of satellites when they are propelled into
Mars’s orbit. Excessive heat caused by the radiated energy may damage the
electronics and main body parts, but it also may be harvested to generate
power for the onboard equipment [12,13].

Each of the previously discussed sciences embraces natural physics
and utilizes analytical laws, those derived from mathematical relations, as
well as empirical laws, those obtained from experimental observations, to
correlate these two physical modeling approaches. In most of these studies,
the purpose is to calculate temporal and spatial fluid properties such as
temperature, pressure, density, and velocity. Depending on the type of
fluid, either liquid or gas, more specialized disciplines of hydrodynamics
and aerodynamics were developed. The laws affecting the latter are relevant
to this work. Aerodynamics investigates the flow patterns, momenta, and
forces over an aircraft, or any flying object in general, and predicts the
evolution of weather [14,15].

1.2 A Brief History of Temperature Measurements

Thermo-fluid sciences share an interesting historical background that
needs to be appreciated, as these sciences allowed humans to understand
the forces of nature that they were to reckon with when venturing into the
sky. So, how did humans get to the present state of knowledge in these
fields? Let us take a brief historical journey.
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The development in these fields can be said to have started when the
need for measuring temperature was first recognized. The idea of heat
dates back to the prehistoric era, mainly associated with fire as part of the
primitive categorization of elements into four—air, fire, water, and earth.
It has been referenced in a Greek text called Kore Kosmou, attributed to
Hermes Trismegistus. First efforts in this field are ascribed to Heron of
Alexandria, a mathematician and engineer, from the Roman province of
Egypt (about 10 AD to 70 AD) who noticed air contraction and expansion
within a tube partially filled with air whose end was submerged inside a
tub of water. In 1593, Galileo Galilei, an Italian polymath, employed this
concept and invented the thermoscope, which worked based on changes
in sensible heat. The air within the tube with a balloon-shaped, air-filled
region was heated, and due to the changes in the temperature, the level of
water changed as well, causing water to experience perpetual motion.

One may argue that Galileo set the stage for an atomistic conception
of heat transfer. The term temperature was still unknown at that time.
In 1624, Jean Leurechon, a French mathematician, first used the term
thermometer for a similar device that was in fact a barometer as well.
Galileo’s student, Joseph Solomon Delmedigo, an Italian physician,
mathematician, and music theorist, reportedly was the originator of the
sealed liquid-in-glass thermometer. However, Ferdinando II de’ Medici,
an Italian, primarily a musician, in 1654 produced the latter instrument,
which was independent of air pressure and only relied on expansion of
the liquid. A number of thermometers were subsequently experimented
with using different liquids and tubes. The first standardized one that was
proposed based on melting and boiling points of water was in 1694 by Carlo
Renaldini, a French philosopher and experimenter. The one proposed
by Sir Isaac Newton, a British natural philosopher, in 1642, was based on
the 12-degree scale between the ice melting point and body temperature.
It was only in 1714 that Daniel Gabriel Fahrenheit, a Dutch-German-
Polish scientist, introduced the concept of the modern thermometer with
an accurate 96-degree scale that he developed based on mercury’s high
coefficient of thermal expansion between the equilibrium temperatures of
ice-water-ammonia chloride, ice-water, and human body. In 1742, Anders
Celsius, a Swedish scientist, proposed a 100-degree scale between the
freezing and boiling points of water. In 1848, William Thomson, a Scottish
mathematician and engineer, later known as Lord Kelvin, introduced the
idea of absolute zero, a negative reciprocal of the expansion coefficient of
gas (0.00366) at the water freezing point per degree Celsius. One Kelvin is
also defined as the fraction (1/273.16) of the triple point of water (0.01 °C)
which bears the Celsius scale.
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Francis Bacon, a British scientist, philosopher, and statesman,
distinguished between heat and temperature in 1620 [16]; however, Joseph
Black, a Scottish physician and chemist, quantitatively distinguished between
the two. He applied the conservation of mass—earlier suggested by Newton
and adopted by Antoine-Laurent Lavoisier, a French chemist, for all chemical
reactions—and developed calorimetry and latent heat. Specific heat that
accompanies melting or vaporization was introduced by Joseph Black (1763),
who also articulated the theory of latent heat. Black’s work was later published
by John Robinson, a Scottish scientist, in 1803 [13].

1.3 Atmospheric Thermodynamics Through the Ages

In 1824, French physicist Sadi Carnot proposed the equivalency of heat
and mechanical work, the principle which became known as the Carnot
cycle [17,18,19,20]. Based on his observation, every thermodynamic system
in whatever state, when moving from the initial state through intermediate
states and eventually getting back to the initial state, is said to have
completed a thermodynamic cycle. This system may exchange energy in the
form of heat and work with its surroundings. The conversion of these two
main forms of energy to each other is the basis for the Carnot cycle. The
Carnot heat engine is an application for a perfect Carnot cycle that has been
achieved on a microscopic level. Carnot also measured the equivalent work
done by a gas expanded under isothermal conditions. In 1851, a Scottish
mathematician William Thompson re-emphasized this equivalency and that
heat is not a substance and presented Dynamical Theory of Heat, which
developed into the science of thermodynamics. Terms such as specific heat,
calorimetry, and combustion, introduced in the nineteenth century, were
rooted in this theory.

Benoit Paul Emile Clapeyron, a French engineer and physicist, was
another founder of modern thermodynamics through his most well-known
work, Memoir on the Motive Power of Heat, published in 1834, based on
Sadi Carnot’s work on theory of heat and work and employing caloric theory.
He introduced the pressure-volume diagram, known today as a Clapeyron’s
graph. Clapeyron’s other influential work is on introducing optimal valve
position for a piston in an internal combustion engine, hypothesizing
which valves are to be opened and closed during a piston-engine operation
[21]. The second law of thermodynamics, related to reversible processes
and rooted in Carnot’s investigation of heat—is also among Clapeyron’s
contributions. Characterization of perfect gases—similar to ideal gases but
in which the Van der Waals forces are neglected—is another contribution
made by this scientist [22].
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Rudolf Julius Emanuel Clausius, a German physicist and mathematician,
is another important contributor to our knowledge of thermodynamics
[23]. He redefined the Carnot cycle’s theory of heat on a truer and sounder
basis and is well-known for his 1850 paper titled “On the Moving Force
of Heat,” in which the second law of thermodynamics is presented. He
also introduced the concept of entropy in 1865 and the virial theorem of
heat in 1870. His work was further expanded by Clapeyron, resulting in
the formula known as the Clausius-Clapeyron relationship related to phase
transition. Clausius is the figure associated with the Stefan task, also known
as the Stefan problem, in which the boundary column changes with time
during a phase transition process [24].

The work of these three main contributors (Carnot, Clapeyron, and
Clausius) on the development of thermal sciences led to the development
of key theoretical and empirical models for atmospheric thermodynamics
that started in the 1860s with the introduction of dry and moist adiabatic
concepts. From the middle of the eighteenth to the end of the twentieth
century, scientists introduced properties and concepts that are now used in
the discipline of atmospheric physics. The highlights of these developments
are: (a) the definition of the dew-point temperature in 1751 (Charles Le
Roy—a French physician and encyclopedist [25]); (b) measuring pressure
and temperature using hydrogen balloons (Jacques Charles—a French
inventor, mathematician, and balloonist in 1782 [26] and Joseph Louis Gay-
Lussac—aFrench chemistand physicistin 1804 [27]); (c) the concept of vapor
partial pressure in 1802 (John Dalton—a British physicist and meteorologist
[28]); (d) the variation of temperature with altitude in 1805 (Pierre Simon
Laplace—a French scholar [29]); (e) convection energy for cyclones in 1841
(James Pollard Espy—an American meteorologist [30]); (f) the concept
of potential temperature in 1889 (Hermann von Helmholtz—a German
physicist and physician who used adiabatic lapse rate and pseudo-adiabat
[31] and John William von Bezold—a German physicist and meteorologist
[32]); (g) an areological sonde to correlate pressure-temperature-humidity
in 1893 (Richard Assmann—a German meteorologist and physician
[33]); (h) the concept of equivalent temperature in 1894 (John Wilhelm
von Bezold—a German physicist and meteorologist); (i) the introduction
of the tephigram in 1926 (Sir Napier Shaw—a British meteorologist
[34]); (j) describing the influence of condensational growth of ice crystals
in the presence of water drops in the formation of precipitation from
supercooled fluid in 1933 (Tor Bergeron—a Swedish meteorologist [35]);
(k) the first cloud-seeding experiment in 1946 (Vincent ]. Schaeffer—an
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American chemist and meteorologist [36] and Irving Langmuir—an
American chemist and physicist [37]); and (1) the conceptualization of
tropical cyclones as Carnot heat engines in 1986 (Kerry Emanuel—an
American meteorologist [38]).

Heinrich Rudolf Hertz, a German physicist who proved the existence
of electromagnetic wave theory by James Clerk Maxwell and whose
name is associated with Hertz—the cycle per second unit—created the
first thermodynamic diagram known as the emagram in 1884 [39]. This
diagram is mainly used in European countries. Willis Haviland Carrier, an
American engineer well known for modern air conditioning, introduced in
1904 a psychrometric chart, now used extensively by ASHRAE. This chart
is a graphical representation of the main thermodynamic properties of the
moist air—such as relative humidity, dry-bulb temperature, and dew-point
temperature at a specific altitude—governed by equations of state. Napier
Shaw, a British meteorologist, invented the tephigram in 1915; it is used
mainly in commonwealth countries. The coordinates of isotherms and isobars
have been skewed and have slight curves. In 1927, Georg Stiive, a German
meteorologist, developed what we now call a Stiive diagram as a means
for plotting dry-bulb temperature and dew-point temperature data using
radiosonde measurements [40]. In 1947, Nicolai Herlofson, a Norwegian
meteorologist, proposed a modification to emagram coordinates that depicts
horizontal-straight isobars and displays a wide angle between isotherms and
dry adiabats [41]. This diagram, similar to the tephigram, is known as a skew-T
log-P diagram and is still used in weather forecast applications and especially
by glider pilots to determine thermals and the associated cloud base.

Johann Friedrich Wilhelm von Bezold—a German physicist and
meteorologist known for discovering the Bezold effect—identified a pseudo-
adiabatic process describing parcels of air during expansion, contraction,
and precipitation in 1888 when he also published his substantial work On
Thermodynamics of the Atmosphere [32]. Samuel Pierpont Langley, an
American astronomer, physicist, inventor of the bolometer, and aviation
pioneer, published a widely read paper entitled “On the Moon Observations”
in 1890 [42]. Frank Washington Very, an American astronomer, applied
a bolometer to measure the temperature of the surfaces of the Moon and
other planets [34]. In 1891, Very published his paper entitled “Distribution
of the Moon’s Heat,” which also included measurements taken during a lunar
eclipse. He published Radiant Properties of the Earth from the Standpoint
of Atmospheric Thermodynamics in 1919. Craters on Mars and the Moon
are named in Very's honor. Alfred Lothar Wegener, a German polar
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researcher, geophysicist, and meteorologist who published Thermodynamics
of Atmosphere in 1911, is the pioneer in the application of thermal sciences
to atmospheric studies [43]. Wegener, mainly known for his 1912 theory
of continental drift, also contributed to meteorology and polar research.
By the late 1970s various textbooks on the subject began to appear. Today,
atmospheric thermodynamics is an integral part of weather forecasting.

1.4 Energy Balance

Energy balance is to be complied with for a small and identifiable
portion (element) of the material of any shape that satisfies continuity in
order for the conservation of energy to be valid. Energy can enter and
exit the continuum; however, the boundaries remain constant, and so it
forms a closed system. The continuum is identified by its size, mass, and
thermo-physical properties. Thermo-physical properties may be temporal
(transient—change with time), spatial (non-homogeneous—change with
location or non-isotropic—change with direction within the geometry),
temperature-dependent, or constant. Energy is defined in different forms
inside this environment. It is either in the form of heat conduction entering
the continuum, Heat Generation (HG) inside the continuum, changes of
internal energy, or heat conduction leaving the continuum. The heat leaving
the continuum by conduction is the same as the heat entering the continuum
by conduction plus the spatial variations due to the length of travel, and it
is time-independent (steady-state). On the other hand, the internal energy
is time-dependent (transient); it focuses on the variation of internal energy,
which is presented in the form of thermal capacity of the continuum.
Conservation of energy requires that the total energy inputted (Energy,,) to
the system is the same as the total energy outputted (Energy,,, ) from the
system—considering the heat generation within the system (Energy y,,.erurea)—
along with the change of the system’s internal energy (Energymmge).
Figure 1 shows the schematic of the general form of energy balance for a
continuum—equation (1).

E””g?/m + Energygenemtzd = Energyout + Energystamge (1)

- Hem!ation
- Ene orage

FIGURE 1 Energy balance diagram for a continuum (e.g., a parcel of air).
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identified alternate aerodromes, noted the radio frequencies, and

completed the flight plan. You picked from the list of the Fixed-
Base Operator (FBO) services the restaurant known for their scrumptious
pumpkin pie, your lunch box is packed with cold meat sandwiches, and
there is hot tea in your thermos—you are ready to take off. But no matter
how well prepared you are, there is still a chance for turbulent conditions
(during the warm season) or a wicked snow storm (during the cold season).
Even though as you accumulate flight hours you may become more tolerant
of turbulence (that you rate by the degree of strain you feel against your
seat belt), you should not dare to take that trip just to show how capable
you are to tackle the forces of nature—you may end up not winning that
contest.

S o, you chose your destination, reviewed the map, selected the route,

So, the first item on the checklist of every pilot before taking off is to
verify that the weather is conducive to the situation and the flight is a go.
Part of your due diligence is to collect all the available weather information
before making the go-no-go decision. Sometimes, the wisest plan is to
postpone that flight after learning that the conditions at the destination
may not allow a safe landing. It is expected for the weather not to vary
considerably within 24 hrs of the prediction, so a responsible pilot is to
check the conditions of the departure and destination aerodromes before
commencing the flight. If the weather unexpectedly deteriorates during
the flight, the pilot is to either perform a diversion or head back to the
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departure aerodrome or the closest safe aerodrome en route. A number
of factors such as experience or comfort level of the pilot are also to be
considered when making such decisions. The most experienced pilots
will not fly until the weather minima are met—surely doing so is safe and
responsible conduct to aspire to.

Depending on the flight rules you are following, either Visual Flight
Rules (VFR) or Instrument Flight Rules (IFR), there are minimum
acceptable conditions to be complied with. The conditions for the VFR
flights are also known as Visual Meteorological Conditions (VMC). The
following are examples of weather minima in the United States for a fixed-
wing aircraft. Note that the FAA 111-rule states there must be 1,000 ft
vertical clearance above and the same below the clouds, and 1 statute-mile
horizontal clearance from the clouds. Similarly, the FAA 152-rule states
that there must be 1,000 ft vertical clearance above the clouds, 500 ft
vertical clearance below the clouds, and 2,000 ft horizontal clearance from
the clouds.

For Class E airspace and at altitudes up to 10,000 ft Mean Sea Level
(MSL), 5 statute-mile visibility and the 111-rule apply. For Classes C, D,
and E at altitudes below 10,000 ft MSL, 3 statute-mile visibility and the
152-rule apply. For Class B at altitudes below 10,000 ft MSL, 3 statute-mile
visibility and clear of clouds conditions apply. For Class G airspaces for
altitudes above 1,200 ft Above the Ground Level (AGL), 3 and 1 statute-
mile visibilities during the night and day and the 152-rule apply. For Class
G airspaces for altitudes below 1,200 ft AGL, 3 statute-mile visibility during
the night and the 152-rule apply. For Class G airspace for altitudes below
1,200 ft AGL, 1 statute-mile visibility during the day and clear of clouds
conditions apply.

The aircraft may fly at 500 ft AGL over water and unpopulated
areas, and 1,000 ft above the highest obstacle over populated areas, with
a horizontal clearance of 2,000 ft (600 ft in the United Kingdom). Other
requirements such as flying at the minimum altitude of 2,000 ft above the
ground over caribou-populated areas or some other animal habitats are also
to be observed [44]. It is recommended to check the weather minima for
each specific flight region, as the local regulations may vary. For example,
Canadian regulations call for a vertical clearance of 500 ft from the clouds in
controlled airspace and at altitudes of 1,000 ft AGL in uncontrolled airspace
[44]. Weather minima may be also different for rotary aircraft (e.g., 3 and
1 statute-mile visibilities during the night and day and clear of clouds below
1,000 ft AGL in uncontrolled Canadian airspace).
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Weather minima are to be checked over different airspaces and
jurisdictions—especially when a weather advisory is not available, provided
discretionally, or if tower workload does not permit such services that are also
known as Traffic Service (TS) in the United Kingdom and the International
Virtual Aviation Organization (IVAO) or Flight Information Center (FIC)
in other countries. If a tower is to provide weather advisory services, the
aircraft needs to be equipped with two-way radio communication and
a special transponder (Mode C). VFR night flights are to be conducted
under the minimum safe altitudes and may require additional ratings. If for
whatever reason the takeoff and landing using the VFR conditions are to
be conducted in local conditions that are below the VFR weather minima,
the First-In-Command (FIC) is responsible to ask for Special VFR (SVFR)
clearance from the tower with ground visibility that must be still over
1 statute mile. No VFR flights are permitted in Class A airspace (FL180-
FL600) and Class B VFR is only allowed if there is clear sky (no clouds).
The cruising altitude for VFR flights starts at 3,000 ft AGL up to, but not
including, FL180 (18,000 ft) altitude.

The acceptable weather conditions for IFR flights, also known as
Instrument Meteorological Conditions (IMC), are more relaxed, with the
minimum visibility indicated in a table at the bottom of the Instrument
Approach Procedure Charts (IAPC). In some IFR-restricted airspaces
(Classes B, C, D, and E), weather advisory, traffic separation, and flight
conflict resolution services are either provided or may be provided upon
request, or workload permitting, to the VFR flights. An exception is
mandatory service provided under Controlled VFR (CVFR) conditions
in some regions (e.g., Class B airspace in Canada and some European
countries) where Air Traffic Control (ATC) provides the bearing and
altitude for the VFR pilots without the need to hold an IFR rating. In
Class A airspace, an IFR rating is required along with a two-way radio and
a Mode C transponder.

There are a number of ways to obtain weather data. The most common
ones are the Meteorological Aviation Routine Weather Report (METAR),
Terminal Aerodrome Forecast (TAF), and Pilot Report (PIREP). If you
have already opened a flight plan with the FIC, you can count on them
as a knowledgeable source, rain or shine. Air Traffic Control (ATC) may
provide information, depending on the aerodrome type and their workload
at the time the request is made. Feel free to discuss the weather in detail
with them and ask whatever questions you may have. This is possible in the
air with ATC, aerodrome category and workload permitting, as previously
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mentioned. ATC, specifically, may not be able to provide you with detailed
instructions as to what technical maneuvers to perform or which runway
to take, because you are the responsible decision maker; however, they
would most probably inform you of the runway in use or air traffic transient
conditions. Sometimes, a combination of all these resources is what you
need in order to make an informed decision.

Before talking to the FIC or ATC, assuming that their jurisdiction,
airspace, and workload permit such services—aside from their temper
that may be weather-dependent—it is a good idea to check the web
resources that are both accurate and available for free. Most of the flight
plan programs and smart device applications also have a built-in link which
graphically displays the weather data as a map overlay. METAR, TAF,
Significant Meteorological Report (SIGMET), Airmen’s Meteorological
Information (AIRMET), Tropical Cyclone Advisory (TCA), and Volcanic
Ash Advisory (VAA) are examples of the reports that follow standards set
by the International Civil Aviation Organization (ICAO) and the World
Meteorological Organization (WMO).



CHAPTER

CLIMATE AND ATMOSPHERIC
T HERMODYNAMICS

3.1

Thermodynamics of Air

ir is a mixture of gases (by volume, 78 percent nitrogen, 21 percent

oxygen, and 1 percent argon, carbon dioxide, water vapor, and

other gases), each showing behavior approximating that of an ideal
gas. Thus, air may be treated as a mixture of ideal gases, with applicable
thermodynamic equations of state to describe the relationships between
heat, enthalpy, entropy, temperature, pressure, density, relative humidity,
and other properties [45]. The three main properties of the ideal gases—
pressure, temperature, and density—are interrelated, meaning change in
one likely results in change in the others. The majority of these short-term
transitions occur during an adiabatic process in which no extremal heat or
energy is added to or taken away from the system. Recall the principle
of conservation of energy discussed earlier—Figure 1. This is particularly
noticeable when parcels of air move in vertical columns due to the changes
in their density, which is directly related to the variation of temperature
decrease due to the increase in altitude (i.e., pressure). Thermal radiation
from the Sun is responsible for this temperature variation, and therefore
the term thermodynamics (i.e., aerodynamics due to variations in
temperature—the relationship between heat and mechanical energy)
manifests itselfin the form of motion induced by heat. A fourth factor, known
as relative humidity, an indication of water content in the atmosphere, is a
direct collaborator with other main properties (particularly temperature)
contributing to fronts—bundles of air mass that agglomerate and are
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protected by boundaries that can affect a wide area as they form and vanish.
This moisture is the result of the hydrologic cycle and is fed by the Earth’s
water resources that cover two-thirds of our planet. Water evaporates and
the vapor moves and transforms through the atmospheric layers and gets
back to the Earth in the form of liquid or solid precipitation. The resistance
of the atmosphere to the vertical convective movement of air parcels
affects atmospheric stability—greater resistance to this push-and-pull is
associated with greater stability. Depending on the type of investigation,
either short- or long-term, the atmospheric processes may be treated as
both reversible and irreversible. This section focuses on these properties
and their interaction, also known as weather and climate.

Weather describes atmospheric conditions due to the convection of
air masses, cloud development, instability of layers, humidity, formation
of fronts, as well as severe conditions such as storms and hurricanes.
Temperature is an inherent property of a molecule and is the driving force
for the movement of air parcels as well as heat transfer in atmospheric layers.
Frontal movement occurs when parcels of air with different temperature
and humidity levels collide. Depending on which parcel moves up or down,
atmospheric stability is defined. This movement is due to the convective
air parcels that are mobilized by thermal radiation from the Sun. Heat is
transferred from the air parcel with the higher temperature to the one with
the lower. This exchange of energy or force endures until the two air parcels
reach an equilibrium state, meaning their temperatures equalize and forces
become balanced. Unlike the steady-state problems in which the status is
fully stabilized, transient conditions are dominant in an atmosphere whose
complexities result in different air fronts and short-term weather variations.

During any of these processes, energy and heat are inter-transformed,
and as a result weather manifests. The main thermo-physical properties
previously described, namely density, temperature, relative humidity,
pressure, and heat capacity, form the foundation of all heat transfer and
force-balance problems in the atmosphere. Temperature—combined with
relative humidity—is the driving force in many heat transfer problems, either
directly or indirectly, by converting other types of energy to heat. Any type
of conservation, either in the form of mass, energy, or momentum, employs
one or more of these properties. The classical laws of thermodynamics
discussed earlier are applicable to atmospheric thermodynamics as well.

Theoretically, the parcel of air with a higher density moves down while
the one with a lower density, being lighter, rises to the top. Factors such as
air pressure and Coriolis forces affect this dynamic. There are a number of
assumptions made to simplify the modeling of this process: (a) during the
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air parcel exchange of position, no heat is accepted by or rejected from the

system (i.e., an adiabatic process); and (b) entropy remains the same (i.e.,
an isentropic process).

3.2 Layers and Components of Atmosphere

The layers of atmosphere extend from the Earth’s surface up to 1,000 km
above the MSL. However, 99 percent of the atmosphere’s mass is contained
below 30 km above the MSL. The atmospheric content of gases, including
water vapor, and pollutants, such as smog, remains the same at altitudes up to
80 km above the MSL. The atmosphere consists of seven layers, in sequence,
starting at the surface: troposphere, tropopause, stratosphere, stratopause,
mesosphere, mesopause, and thermosphere. Figure 2 shows an approximate
depiction of temperature versus the altitude for atmospheric layers.

120
— —Equator T
4 Thermosphere
105 Average T
--------- Pole T
90
Mesopause
75 Mesosphere
€
X
o 60
E Stratopause
Iz 45
30
o -
-
15 Tropopause F—
N I R S S (N .

-125  -110 -95 -80 -65 -50 -35 -20 -5 10 25 40
Temperature (degC)

FIGURE 2 Altitude versus the temperature for atmospheric layers.

The three layers of the troposphere, stratosphere, and mesosphere are
called the homosphere, where gases are mixed by turbulence. The upper
boundary is called the turbopause; it extends to 100 km from sea level and
includes part of the thermosphere, also known as the edge of space. The
two layers of the thermosphere and exosphere make the heterosphere,
where gases are mixed based on their weight, thus changing the chemical
composition with altitude. Therefore, the heavier gases, such as nitrogen
and oxygen, remain at lower levels while the lighter ones, such as hydrogen,
float above [46].
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The troposphere is the lowest layer of the atmosphere, and the
temperature within this layer decreases with increasing altitude by about
6.5 °C for every km (1.98 °C per 1,000 ft); the height of the troposphere
itself changes from approximately 9 km over the Poles to 17 km over the
Equator. The lowest part of the troposphere, also known as the planetary
boundary layer, is where the flow over the surface is affected by the air
flow and temperature in the form of wind and thermal radiation, resulting
in turbulence. The layer increases approximately 100 m for every 1 °C
increase of surface temperature and varies between 50 m at the Arctic to
an average of 4.5 km over deserts and under 1 km over the ocean, with an
average thickness that is higher by 7 km over the Equator versus the Poles
[47,48]. The turbulence in return redistributes the heat and flow to the
layers within the boundary layer. The upper boundary of the troposphere is
called the tropopause. The temperature within this layer remains constant
with increasing altitude. Over 75 percent of atmospheric air content can be
found in the troposphere.

The stratosphere is the layer above the tropopause and extends up to
50 km from sea level. The temperature within this layer increases with
increasing altitude due to higher absorption of Ultraviolet (UV) radiation;
the temperature reaches about zero degrees Celsius at the layer’s upper
boundary. The upper layer of the stratosphere, where the temperature
remains constant with increasing altitude, is called the stratopause.

The mesosphere is the layer above the stratopause and extends up
to 80 km from sea level. The temperature decreases with altitude, with
temperatures reaching a low of =95 °C. The upper part of this layer is called
the mesopause, with the temperature staying constant with altitude.

The thermosphere is the layer above the mesopause; there the
temperature increases with increasing altitude due to the absorption of
energetic UV rays and X-rays from the Sun. Solar radiation separates the
electrons from the atoms, and therefore positive ions are created whose
concentration and temperature vary daily and seasonally. Therefore, the
thermosphere’s extent varies from approximately 500 km to 1,000 km
from sea level, and temperatures may rise up to 2,000 °C, since it is highly
affected by solar activities—it is usually 200 °C warmer during the day
than at night, and it increases by 500 °C when the Sun is more active.
Reflection and absorption of radio waves happen in this layer—this is
how you manage to listen to shortwave radio broadcasts around the world.
Canada (CFCX) and the United States (WWV) reportedly had the world’s
first shortwave radio stations [49,50]. The main components of the air in the
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thermosphere are ozone, water vapor, carbon dioxide, and interplanetary
gases. The International Space Station (ISS) orbits the Earth in this layer at
an altitude between 350 km (220 mi) and 420 km (260 mi). The layer on top
of the thermosphere is called the exobase [51,52,53,54,55].

The exosphere is the layer above the exobase; it extends up to 10,000 km
from sea level and mainly consists of rarely colliding rare oxygen and
hydrogen atoms. When conformed to gravity, they follow a ballistic path, and
when they enjoy the freedom of escaping into space, they choose their own
trajectory. The Aurora Borealis and Aurora Australis occasionally occur at the
interface of the exosphere and thermosphere. Most of the satellites orbiting
the Earth operate in the exosphere. Isochasms are lines of constant aurora
occurrence or mean frequency. Every time electrons and protons attempt to
free themselves into vast space, the Earth relays to the atmospheric layers,
“I got you!” and holds them with its magnetic power. The magnetic kingdom
known as the magnetosphere extends from 3,000 km to 16,000 km from the
MSL to the Van Allen radiation belts. It causes the charged particles to swirl
and spiral down, following magnetic field lines [56].

Ozone molecules consist of three oxygen atoms; the ozone’s
concentration varies with altitude and geographical location due to
absorption of UV radiation. The ozone tends to descend and accumulate in
the lower levels of the stratosphere, about 15 km to 25 km above the MSL.
Some of it may also find its way through the lower levels of the atmosphere
in the proximity of the Earth due to the electrostatic discharge. Pollutants
such as aerosols and other floating chemicals have hurt this layer, causing
issues for living creatures. This particularly affects the polar areas, and this
phenomenon has been named the Arctic and Antarctic ozone hole. Due to
past and ongoing efforts to control ozone-harming chemicals, this layer has
recovered to some extent.

Water vapor is mainly found in the lower troposphere, up to an altitude
of approximately 6 km from sea level—the thickness of this layer changes
with latitude, decreasing over the tropics and increasing over the Poles.
Even relatively small variations in atmospheric water content can be the
cause of significant weather events. Theoretically, with increasing altitude,
the water content in the atmosphere decreases; however, there are scenarios
in which the situation reverses. The water vapor entering the atmosphere
transforms through different elevations and falls under gravity in the form
of drizzle, rain, sleet, snow, and hail. Other forms of precipitation such as
dew, mist, fog, and frost may be seen on the ground surface during the cold
hours of the early morning.
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Carbon dioxide is released into the atmosphere by living creatures
through the process of exhalation (human and animals), deterioration of
organic compounds, and volcanic activities. Most of this gas is absorbed by
vegetation through the process of inhalation. It is believed that 99 percent
of the Earth’s carbon dioxide is dissolved in water, mostly that of the oceans;
however, this solubility depends on the water temperature, and therefore
the gas density varies throughout. The highest carbon dioxide content is
measured over dry land.

If you have ever considered why atmospheric gases are contained to
the Earth versus floating away into the vastness of space, gravity is to be
thanked for that. Atoms possess a kinetic energy which is directly related to
their temperature. Particle physics states that particles on the microscopic
scale have higher energy and velocities compared to the heavier ones on
the macroscopic scale, and therefore longer mean free paths—described
by the Knudsen number, which will be discussed later. The effect of gravity
is smaller on these particles, so they can travel farther and therefore may
be seen in the upper layers of the atmosphere, such as the exosphere and
interplanetary space. Atmospheric gases remain in the layers since they
cannot resist the gravitational forces.

3.3 Temperature

Temperature is a physical quantity and is the property of an atom; it
is the result of the conversion of kinetic energy to heat due to the atom’s
vibration, rotation, and translation. Temperature can be measured by a
thermometer and is scaled to units of measurement known as Kelvin, or
degrees of Celsius, Fahrenheit, or Rankine. In thermodynamic relations,
temperature—an intensive variable—is expressed as a derivative of one
extensive variable with respect to another extensive variable (e.g., partial
derivative of internal energy with respect to entropy). An intensive variable
is independent of the physical characteristics of the system such as size or
shape. A piece of gold retains its mechanical and thermo-physical properties
independent of its size. An extensive property of a system can be identified
by adding up the extensive properties of its individual sub-units. The total
mass or volume of a gold bar is the agglomeration of infinitesimally small
nuggets of gold. This is not to be confused with homogeneity of the variable,
which is related to the inconsistency of the spatial distribution of its atoms.
Intensive properties may be either homogeneous or non-homogeneous.
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The concept of temperature is meaningful only when the particles in a
system are at thermal equilibrium, meaning that heat in the form of kinetic
energy transferred from one particle to the other remains constant. The
temperature difference between the systems is the driving force showing
the direction of the heat transfer, which occurs from the system at a higher
temperature to that at a lower one, with maximum microstate combination
(i.e., microscopic arrangement of a system with certain probability during
a thermal process) happening at their lower state, also known as entropy
(S). Using the concept of the Carnot heat engine, the relationship between
heat, work, and temperature is presented, where the difference between
heat from a higher temperature source and that of a lower temperature
is converted to work. The efficiency is then the work by the heat input
to the system, which is directly related to the temperature of the two
sources. Thermodynamic definition of the temperature (T) is then defined
as the change of entropy (dS) with respect to the change of internal energy
(dE). When entropy is a function of its internal energy, thermodynamic
temperature is given with equation (2).

1 _dS 5
T dE @)

On the atomic level, thermodynamic temperature is directly related
to an elementary particle’s kinetic energy (K, = 0.5 mv?), meaning that
particles of equal mass (m) moving with the same speed (v) possess the
same kinetic energy and therefore temperature. Since kinetic energy due
to the translation motion is dominant for gases (compared to rotational and
vibrational energies) and there are three degrees of freedom associated with
translational motions—since particles are able to move in the x, y, and z
directions—one may deduce equation (3) to calculate particle temperature
distribution (T)—where v, is the root mean square velocity of the atoms
and k, is Boltzmann’s constant 1.380649 x 10 J/K. Note that the molecules
have varied spacing, and therefore number of molecules having the same
velocity and occupying the same regions are different.

2
T= MOy <3>
3k,

3.3.1 Dry-Bulb Temperature

Dry-bulb temperature (T) is the temperature of the dry component of
air and may be measured by a regular thermometer when the measuring
device is not exposed to moisture or radiation.
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3.3.2 Wet-Bulb Temperature
Wet-bulb temperature (T,) is the temperature read by a regular

thermometer that is covered by a blanket of wet cloth, meaning the
temperature of the moist air completes an adiabatic process at constant
pressure and reaches a saturation condition. The humid cloth is dried by a
rapid flow of dry air. It is the same as the dry-bulb temperature after the
wet cloth has dried up. The mixing ratio (w), which is the ratio of the water
vapor mass to the mass of the dry air in any air volume, varies as the wet

cloth is drying out.

3.3.3 Dew-Point Temperature

Dew-point temperature (T,) is the temperature at which a parcel of
moist air reaches saturation during an adiabatic cooling process while the
air pressure remains constant. During this process no vapor is added or
removed from the air parcel. At the end of the process, the water vapor in
the air parcel is ready to condense, that is, change to the liquid state. Specific
humidity—the ratio of the water vapor mass to that of the moist air parcel
that is approximately the same as the mixing ratio (the ratio of the mass of
the moist air to that of the dry air)—remains constant during this adiabatic
process up to the saturation state but decreases gradually afterward.
Cooling the air parcel at this stage results in water vapor condensing into
liquid water in the form of precipitation, fog, or dew. Cooling the air parcel
further, below its freezing point, results in frost. Although it is possible to
measure the dew-point temperature, it is not considered an independent
property; it is mainly associated with other properties, such as humidity, in
psychrometric charts and saturation curves in thermodynamic diagrams.
Spread is the difference between the dry-bulb and dew-point temperatures.
This quantity is used to predict the atmospheric level at which the cloud
base is formed. The smaller the spread, the closer the air is to the saturation
state, and the lower the level of cloud formation is expected.

3.3.4 Virtual Temperature

Virtual temperature (T,) may be defined as the temperature of a parcel
of moist air that a dry parcel of air with the same pressure and density
possesses, where e is the partial pressure of water vapor and P is the pressure
of the air parcel (i.e., water vapor and dry air). Given that e/p = w/(w + R,/
R,), equation (4) is obtained, where the relationship between the virtual
temperature and the mixing ratio (w) is presented in equation (5)—where
e=R,/R, =5/8=0.622, R, is the specific gas constant for water vapor, and
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R, is the specific gas constant for dry air. Note that temperature is in the
unit of Kelvin.

T,=— (4)
-3¢
8P

T,=—5 ®
1——w

For the case of unsaturated air, in which the rates of phase change from
liquid to vapor and vice versa vary, the saturated relations are corrected for
unsaturated effects, and equation (5) is replaced by equation (6). Note that
temperature is in degrees Celsius.

T =T1 + 0.6 w) (6)

3.3.5 Potential Temperature

Potential temperature (0), introduced by Poisson, is a state variable and
is associated with an air mass with temperature T and pressure P which is
either expanded or contracted, as needed, during an adiabatic process to
attain a reference pressure of 1,000 mbar (100 kPa). The expression for
potential temperature is shown in equation (7) as a function of the dry-bulb
temperature, pressure, and the heat capacity ratio (y = ¢,/c,), which is equal
to 1.40 for dry air and 1.34 for water vapor [57]. This temperature is used in
some thermodynamic charts to predict weather.

6= T(@)y (7)

3.3.6 Isentropic-Saturation Temperature
Isentropic-saturation temperature (7)) is the temperature an air parcel
reaches when it is cooled down to the saturation state during an adiabatic
process at constant entropy, meaning the process is reversible. During this
process no vapor is added or removed from the air parcel. This temperature
is less than that of the dew-point temperature, since the expansion of water
vapor causes the volume to increase until the saturation state is reached.

3.3.7 Speed of Sound
A number of factors affect the speed of sound in the atmosphere, and
temperature is the most important of them. On a warm winter or cold
spring day, snow ski in mountainous areas the next time you travel to
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Monte Tremblant [58], the tallest peak in the Laurentian Mountains with
a summit as high as 875 m (2,871 ft) in Canada, or Dizin in Iran, while
standing in the middle of Alborz Range, face-to-face with the majestic
Damavand peak—the highest volcano in Asia, with its summit of 5,628 m
(18,465 ft) smiling at you on the horizon [59]. However, mathematically
speaking, the temperature difference between a cool spring day and a cold
winter day does not have a big effect on the speed of sound. For example,
for a spring day where the temperature is about 5 °C, compared to a winter
day where the temperature is about —15 °C, the ratio of the speed of sound
in the warmer to the colder environment is about 1.04.

The relationship between the speed of sound (c) and absolute
temperature (T) is given in equation (8), where the ratio of the air specific
heat at constant pressure to that of constant volume (y = ¢ /c,) is the same
as mentioned in the preceding subsection in relation to equation (7)—1.40
and 1.34 for dry air and water vapor, respectively. R is the associated specific
gas constant, presented in equation (4) [60,61].

¢=+YRT (8)

Hence, it is inferred that the speed of sound in an ideal gas is mainly
related to its temperature and composition, including the content and
molecular weight. Temperature increases with altitude in some layers of
the stratosphere and thermosphere (Figure 2), and that results in increasing
speed of sound with increasing altitude in those layers. For dry air (R, =
287.0 J/keK, T = 0 °C = 273 K, y = 1.4), speed of sound is 331.3 m/s
(644 kt, 741 mph). Figure 3 and Figure 4 present the speed of sound
versus the altitude for the atmospheric layers up to the lower and upper
thermosphere, respectively. Note that the sound speed gradient follows a
similar profile to that of the temperature throughout the layers. The long-
range temperature profile for the upper atmosphere has been linearly
modeled, and it shows that the sound speed gradient is 35 percent of that
of the temperature. The speed of sound increases with the humidity, since
the specific vapor constant is larger for the saturated moist air than the dry
air (R, = 461.5 J/kgK). The effect of 100 percent humidity on the speed
of sound is presented in Figure 3 and Figure 4, the conversion factor

being 1.27.
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Figure 5 and Figure 6 present the ratio of the speed of sound in the dry
air to that in the moist air versus the altitude for the atmospheric layers up to
the lower and upper thermosphere, respectively. The effect of 100 percent
humidity on the speed of sound is presented in Figure 5 and Figure 6,
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with a conversion factor of 1.27. Other factors such as composition of the
atmosphere (e.g., carbon dioxide content) affect the speed of sound and
therefore the ratio of the speed in dry air to that in the moist air. Changes
of atmospheric pressure and sound frequency have a minor influence on
the speed of sound.
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3.4 Pressure

Pressure (P) is the perpendicular force applied to a surface per unit
area. The force is spread over the surface. Pressure can be measured by a
pressure gauge designed for a specific application, such as a manometer,
which is used to measure gas pressures. It can be expressed in several
different units, including Pascal (Newton per square meter, N/m?), PSI
(pound-force per square inch, 1bf/in?), PSF (pound-force per square foot,
Ib/ft?), atm (atmosphere—standard atmospheric pressure), Torr (1/760 of
atm), and inHg (inches of mercury). Bar, a metric unit that is not part of the
International System of Units (SI), is often used for atmospheric pressure
measurements and equals 10° Pa.

Force, a vector quantity, is either mass-driven due to the gravitational
field or is the result of the integration of pressure over an area to which
it is applied with the force direction normal to the surface. Thus, you can
calculate the buoyancy force by integrating the water pressure over the
submerged body. Pressure in a gas is defined by equation (9), where N is
the number of particles, V is the volume they occupy, m is the mass of an
individual particle, p is gas density, and v, is the root mean square velocity
of the particles.

Nmv? o2
P — rms — p rms (9)

3V 3
Dalton’s law states that the total pressure (P) of a mixture of ideal gases
may be represented by the summation of the pressures of the individual
components—known as partial pressures. Thus, for air, one can define
vapor partial pressure (e also known as P,) and partial pressure of dry
air (P,).

rms

3.4.1 Static Pressure

Pressure of a motionless fluid exerted on a boundary is the static
pressure (P,). The weight of a column of fluid over a point in this case is
a good indicator of the pressure applied to the point. Gravitational forces
due to the weight of the column of fluid over that point (F) spread over the
projected plane area (A) at the center of which the point is located is the
static pressure, equation (10), where H is the height of the column of gas
over the point of measurement, p is the density, and g is the gravitational
acceleration.

F
P = e pgH (10)
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In an aircraft, static air pressure is measured by a static pressure system
connected to a static port, and it is used in the pitot-static system connected
to the altimeter, Vertical Speed Indicator (VSI), airspeed, and gyroscopic
instruments—Figure 7. The static port is a small hole located on the main

body of the fuselage [62].

Static Source ALT

A
W W

AS

S

006

.
3
5
)
3
2
:

5

5
o0}
bates
250
boset
2K
Satetarates
<505
5
o
s
S0

5
o
o
o
%
e
%
o
%
x
22
5
hote!

be?
ptelele

0o

bel

5%

ool

ote?

2

<
o2t

8

2

&

005050
Satere!
Satetes
5555

S
505
ptote%es
pfetete!
0L
5

25
Estete

%
%
02
2
oot
0
bogs
%
0%

<5
5
&

,:00
3
%
&

%2

a0t
%
'

5%

2%
h-8506%,¢

)

Calibrated Leak

ALT
Sealed

Static

0 Static Static

AS

& RAM

FIGURE 7 Pitot-static systems (drawings created using Solid Edge CAD tool).

3.4.2 Stagnation Pressure
The stagnation pressure, also known as the total pressure (P,), is the
pressure caused by a moving fluid. The pitot tube—connected to the
exterior surface of an aircraft fuselage with its open end pointing toward
the direction of the aircraft motion—measures the airspeed by measuring
the dynamic pressure, the difference between the total pressure from the
incoming ram air and the static pressure from the static port [63].
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The total pressure (P,) is defined based on Bernoulli’s law presented by
equation (11), where P is the static pressure, p is the density of the fluid
in which the measurement is done (air in this case), and v is the airspeed.
For an isentropic process (i.e., reversible and adiabatic), equation (12)
is obtained. In this equation, T, is the total temperature, T, is the static
temperature, M is Mach number, and y is the ratio of the specific heat
capacity at constant pressure (c,) to the specific heat capacity at constant

volume (c,)—y = ¢ /c,

2
p=p +2% (11)
‘ 2
r 0 -
-1 M (y—1) |1
P =Ps(%)y =P{1 +%} 12)

3.4.3 Pressure Altitude

The average elevation of the surface of multiple bodies of water (e.g.,
oceans) from which the terrain elevation is to be measured is known as the
Mean Sea Level (MSL)—it is a vertical reference datum. Terrain elevation
where the dry surface is present is called the Ground Level (GL). Elevation
measured from the GL is referred to as Above Ground Level (AGL). Flight
Level (FL) is the vertical altitude expressed in hundreds of feet as indicated
on the altimeter when it is set to the standard pressure (101,325 Pa, 1 atm,
29.92 inHg, 14.67 psi) [64,65]. Thus, 21,000 feet would be expressed as
FL210.

OQNE is the altitude indicated on the altimeter when one is located at
the runway (or another location of interest) and the altimeter is set to the
standard pressure [66]. Quasi Non-Hydrostatic (QNH) is related to the
pressure altitude adjusted for the MSL [67]. When set on the altimeter,
it should give the correct altitude above the MSL. Above the transition
altitude (above 18,000 ft in Canada and the United States, 13,000 ft in
Australia, and as low as 3,000 ft in some parts of Europe), the altimeter is
set to the international standard atmosphere at MSL (101,325 Pa, 1 atm,
29.92 inHg, 14.67 psi).

Pressure altitude (PA) is defined as the altitude observed in the
International Standard Atmosphere (ISA)—when the pressure at the MSL
is equal to 29.92 inHg (101,325 Pa, 1 atm, 14.67 psi)—at which the pressure
is equal to the pressure under the current atmospheric conditions. Thus,
if the current atmospheric pressure is lower than the standard pressure,
the pressure altitude will be higher than the actual one. Pressure altitude
(PA) is calculated using equation (13) as the actual elevation (H) plus the
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correction, which is proportional to the difference between the standard
pressure (101,325 Pa, 1 atm, 29.92 inHg, 14.67 psi) and the actual current
pressure at MSL, (P, ;). The latter pressure would be the one set on the
aircraft’s altimeter.

PA=H +1000(29.92 - P, ) (13)

The highest barometric pressure, as reported in Guinness Book of
Records (1,083.8 mb- 32 inHg), was recorded at Agata, Siberia, Russia,
at an altitude of 862 ft (262 m), on December 31, 1968. This pressure
is equivalent to the standard pressure at an altitude of 2,080 ft (600 m)
below the MSL. The highest barometric pressure reported in the United
Kingdom was 1,054.7 mb (31.15 in), in Aberdeen on January 31, 1902 [68].
This pressure is equivalent to the standard pressure at an altitude of 1,230 ft
(374.9 m) below the MSL. The lowest barometric pressure, as reported in
Guinness Book of Records (870 mb- 25.69 inHg), was recorded on October
12, 1979 by the United States Air Weather Service at 483 km (300 mi)
west of Guam in the Pacific Ocean in the eye of Super Typhoon Tip. Wind
speeds of 165 kt (305 km/hr- 190 mph) were reported [69]. This pressure
is equivalent to the standard pressure at an altitude of 4,230 ft (1,289.3 m)
above the MSL. You may use said data in order to solve for the pressure
altitude by adding the altitude at standard pressure to the elevation figure.
For example, for case of Agata, Siberia, Russia, you will obtain a pressure
altitude equivalent to a location that is 1,228 ft below the MSL.

The barometric pressure is how the height above the MSL is measured
by an aircraft’s altimeter, which is part of the pitot-static system—Figure 7.
The sealed (airtight) case includes a vent to the static port. The altimeter
is an aneroid-based barometer. The altimeter is a sensitive instrument
(traditionally vacuum-based with some advanced electric ones with analog
displays) that may over-read or under-read if there is any blockage of the
nozzles. As the aircraft increases its altitude, the air pressure decreases.
The exterior pressure must be balanced by the capsule’s interior pressure;
therefore, the capsule expands to equally decrease its own interior pressure,
thus balancing the forces. With decreasing altitude the air pressure
increases, causing the capsule to reduce in volume, therefore making the
wafer contract. The expansion or contraction of the aneroid wafer causes
the connected rocking shafts and associated gears to move, and therefore
the end-pointer rotates, indicating numbers on the instrument’s dial gauge.
If the static port is blocked for whatever reason, such as icing, the case is
isolated from the surroundings, and therefore with increasing altitude, the
altimeter reading does not change—it remains at the last valid reading—
Figure 7.
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3.5 Speed of Aircraft

There are multiple airspeeds that are used as part of flight planning
and as limit values for aircraft control and structural integrity. One can use
the ICE-T mnemonic to help remember these airspeeds: (a) Indicated
Airspeed (IAS), (b) Calibrated Airspeed (CAS), (c¢) Equivalent Airspeed
(EAS), and (d) True Airspeed (TAS) [70,71].

Airspeed is measured by the pitot-static system (Figure 7). Ram
pressure, also known as total pressure, is measured by a pitot tube, which
is part of the pitot-static system connected to the airspeed indicator. The
static pressure is measured by the static ports. The ram air feeds the
pressure diaphragm embedded in a sealed (airtight) case filled with static
pressure supplied from the static ports. The airspeed indicator shows the
dynamic pressure—also known as the impact pressure (i.e., the difference
between the total pressure and the static pressure)—and the instrument is
calibrated to show this dynamic pressure as the IAS. TAS is the aircraft’s
speed relative to the air through which it is moving. Greater pressure
difference means larger dynamic pressure and therefore higher airspeed,
given similar air densities. The airspeed indicator is a sensitive instrument
(traditionally vacuum-based or electric-based in glass-cockpit instruments)
that may over-read or under-read if there is any blockage of the nozzles.
As the aircraft increases its altitude, the dynamic air pressure decreases
for similar TAS as air density decreases, causing the pressure diaphragm
to contract as the pressure of gas inside the diaphragm decreases, as in
equation (11). With decreasing altitude, the dynamic air pressure increases
for a given TAS as the air density increases, causing the air pressure inside
the capsule to increase and the capsule to expand, as in equation (11). The
contraction or expansion of the pressure diaphragm causes the connected
rocking shafts and associated gears to move and the end-pointer to rotate,
indicating numbers on the instrument dial gauge. If the static port is
blocked for whatever reason, such as icing, the case is isolated from the
surroundings, and therefore with increasing altitude the airspeed indicator
under-reads, and with decreasing altitude the airspeed indicator over-
reads. If the pitot-system that measures the ram pressure is blocked, the
airspeed acts like an altimeter—with increasing altitude it over-reads, and
with decreasing altitude it under-reads. That is why one must use the pitot
heater to melt the ice from the pitot tube; the heater consists of electric
heating elements located inside the tube.

The rate of climb or descent is measured by the VSI, which is another
component connected tothe pitot-static system—Figure 7. The instrument’s
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case is vented to the static port through a calibrated leak, also known as the
restricted diffuser. The pressure diaphragm is fed though the static port.
The VSI is a sensitive instrument that may produce inaccurate readings if
there is any blockage of the nozzles. As the aircraft increases its altitude,
the air pressure decreases, causing the diaphragm to contract, since the
rate of pressure decrease inside the diaphragm is faster than that of the
calibrated leak. With decreasing altitude air pressure increases, causing
the air pressure inside the diaphragm to increase and therefore expand
the diaphragm, since the rate of pressure increase inside the diaphragm
is larger than that of the calibrated leak. The contraction or expansion of
the pressure diaphragm causes the connected rocking shafts and associated
gears to move and the end-pointer to rotate, indicating numbers on the
instrument dial gauge. If the static port is blocked by icing; for example,
the case is isolated from its surroundings, and therefore with increasing
altitude, the readings do not change—meaning it shows a zero-climb rate.

3.5.1 Mach Number

The Mach number is a dimensionless quantity which is a ratio of
the TAS of an aircraft to that of the speed of sound at local conditions.
The Machmeter in an aircraft uses the pressure differential versus the
temperature to calculate the Mach number at high altitudes to prevent
aircraft from exceeding the maneuvering speed—also known as the Mach
number limit. Factors such as air temperature, humidity, and composition
(e.g., carbon dioxide content) affect the speed of sound in the air (Figure 5
and Figure 6).

Equation (14)—a derivative of equation (46), h = c,T + 0.50% —shows
Mach number (M) for an ideal gas for a compressible flow and based on
Bernoulli’s relation, considering the heat capacity ratio (y = cp/cv) and the
ratio of the stagnation (P,) to static pressure (P,).

r=l
M= 2 (;)V ) (14)
Y- s

For a supersonic flow, the Mach number is obtained based on the
Rayleigh relation—equation (15).

1
1

3y P, y=11 -
= J|=t+ £
M 1 ( 1)(1 2 2) (15)
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3.5.2 Indicated Airspeed
The airspeed indicator shows the Indicated Airspeed (IAS), which is
based on the difference between the static pressure (P,) from the static
ports and the stagnation pressure, also known as the total pressure (P,),
from the pitot system. The previous difference is the dynamic pressure that
is converted to the airspeed and communicated to the dial gauge by means
of shafts and gears moving a pointer.

Bernoulli’s law presented by equation (11) then may be restated to
present the TAS for a non-compressible flow as a function of the previous
pressure difference and air density (p)—equation (16). For a compressible
flow, equation (17) is used to calculate the IAS, where y is the ratio of the
heat capacities at constant pressure to that of constant volume. Equation
(18) is applicable to a compressible and subsonic flow, in which the effect
of Mach number (M) is considered using equation (14). Equation (19)
is another form of equation (18) in which IAS is presented in terms of
freestream speed of sound in air (c,) at freestream air temperature (T,).
The Mach number from equation (15) can be used in equation (17) to
derive a relation for a supersonic flow. The relationship between Calibrated
Airspeed (CAS) and IAS is specific to each aircraft model and is presented
by a table included in the Pilot Operating Handbook (POH) showing IAS
for the associated CAS.

2(p —P
IAS = ( ) (16)
y—1
TAS = 2” L (£+1)y —1 (17)
P,
y—1
1o |7
V 2
TAS = M +1| -1
(y— 1) 2 ) 18)
y-1
2 1 o |
)4 9 \r—
IAS=c ( + Iy ) +1| -1 19
-1 18)
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3.5.3 Calibrated Airspeed

Calibrated Airspeed (CAS) is the Indicated Airspeed (IAS) corrected
for instrument and position errors. The corrections are functions of the IAS
and account for both position and instrument errors due to the variation in
location of the static ports and due to the interference between the aircraft
systems and its structures. CAS is used to calculate TAS from IAS (or vice
versa depending on the method of calculation) when navigating. CAS is also
used as the main reference to ensure the dynamic pressure acting on the
aircraft is within the allowable limits. CAS is used to calculate the ground
speed for navigational purposes; however, the use of modern GPS and INS
navigation systems has reduced the need for flight computers such as the
E6B for ground speed calculations. If the weight of an aircraft remains
the same, the CAS values at which the aircraft takes off or lands remain
unchanged. These CAS values remain unchanged for different elevations,
while the TAS or ground speed may vary; therefore, CAS is an important
criterion for performing maneuvers such as rotation, climb, stall, cruise, or
landing. CAS is the same as Equivalent Airspeed (EAS) when flying slower
than Mach 1 and at standard atmosphere and sea level.

Measuring static freestream pressure is not always possible. Therefore,
CAS has been introduced that is calculated by equation (20)—a derivative of
equation (25)—where static freestream pressure (P) has been substituted
with standard pressure at sea level, P, (101,325 Pa, 1 atm, 29.92 inHg,
14.67 psi). Equation (20) may be expressed in terms of the Mach number,
using equation (14), to present equation (21). For a supersonic flow where
the Mach number is over one—using the Rayleigh approximation method—
CAS may be estimated using equation (22), which may be solved using
Gauss-Seidel or any other iterative techniques, where ¢, is the freestream
speed of sound in air at standard temperature at sea level, ¢, =/yRT,
(15 °C, 288 K, 59 °F). Equation (23) may be used to express calibrated
airspeed (CAS) as a function of the equivalent airspeed (EAS), Mach (M),
and pressure ratio (0 = P/P,).

] y1
CAS =coy|—— (b+1)y -1 (20)
Y F

v
CAS=c, Ll il(y—_lM%l)H —1]+1] -1 (21)
’J/—
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y—1
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CAS=c, — (22)
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CAS = EAS[I +50-o)m? +%(1—106+962)M4] (23)

3.5.4 Equivalent Airspeed

Equivalent Airspeed (EAS) is Calibrated Airspeed (CAS) corrected for
compressibility and Mach number. With airspeed increasing with pressure
altitude, airspeed shows higher values than the real value, and therefore
the number is to be corrected. EAS is the same as True Airspeed (TAS),
where the standard temperature at sea level (T) has been substituted for
the freestream static temperature (T,)—equation (24)—where ¢, is the
freestream speed of sound in air at the standard temperature at sea level
(co =+YRT, =340 m/s = 1,116 ft/s, T, = 15 °C = 288 K = 59 °F). Equation
(24) may be expanded to express EAS versus the Mach by using equation
(14) to present equation (25), where P, is the static pressure and P, is the
pressure at standard atmosphere. At sea level and ISA conditions, EAS
and CAS are the same. At higher altitudes, EAS will be less than CAS.
However, at speeds under 200 kt CAS and altitudes below 10,000 ft, the
difference between EAS and CAS may be neglected. The Mach number
from equation (15) can be used in equation (24) to derive a relation for a
supersonic flow.

y-1
EAS =y |—— Ll [E) 7 4 (24)
y—1E|[\F
P
EAS = c,M, = 25)
14

0

3.5.5 True Airspeed

True Airspeed (TAS) is the aircraft speed relative to the surrounding
air. TAS is the Equivalent Airspeed (EAS) corrected for altitude and
non-standard temperature. TAS is used to calculate the ground speed
for navigational purposes; however, the use of modern GPS and INS
navigation systems has reduced the need for flight computers such as
the E6B for ground speed calculations. The Indicated Airspeed (IAS) is
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related to TAS, but it shows lower values than TAS as air density decreases
due to the increase of temperature or altitude. For values over 100 kt
(185 km/hr, 115 mph) TAS, the Mach number becomes an important factor,
since air compressibility is to be taken into consideration. For isentropic
and compressible air, where density changes with temperature during an
adiabatic reversible process based on equation (67)—PV” = cte, combining
the energy balance relation presented by equation (46)—h = c, T+ 0.5v% and
stagnation pressure—also known as total pressure—presented by equation
(12), results in true airspeed (TAS) presented by equation (26)—where ¢,

is freestream speed of sound in air at sea level (¢, =+/¥RT, ), T, is the air
temperature at sea level (15 °C, 288 K, 59 °F), and R is specific gas constant.
Equation (26) may be expanded to express TAS versus the Mach, using
equation (14), to obtain equation (27). The Mach number from equation
(15) can be used in equation (26) to derive a relation for a supersonic flow.
For Mach numbers much smaller than one, the higher order terms may
be ignored and equation (27) may be simplified. Equation (28) expresses
the TAS as a function of the temperature ratio (0 = T/T,). Equation (28)
can be restated in terms of equivalent airspeed (EAS), pressure ratio
(0 =P/P,), which is the ratio of the static pressure to a standard pressure at
sea level, and temperature ratio (6 = T/T,), which is the ratio of the static
temperature to a standard temperature at sea level—equation (29).

y-1
TAS =c, LE{(E) . 1} (26)
y - 1 TO Ps
y-1
_y y
TAs=c==; [(1 + (VTI)W)(H) - 1] 1 27)
TAS =coM, | == (28)
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Tas= [Ltopag= \/E (EAS)= |PUEAS (29)
T P, 0 p

3.5.6 Comparison of Different Airspeeds
Recall the mnemonic formed from these airspeeds: Indicated,
Calibrated, Equivalent, and True (ICE T)? “I” corrected for pressure (P)
gives “C,” which corrected for compressibility (C) gives “E,” which when
corrected for density (D) gives “T.” So, ICE T is a Pretty Cool Drink!
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It is possible to express the static temperature (T,) as a function of the total
temperature (7)), as in equation (30). Total temperature is also known as
the stagnation temperature and may be expressed in terms of Mach number
and ratio of the specific heats at constant pressure to that of constant volume
(y = cp/cv); Equation (31) presents the pressure (3) and temperature ()
ratios. In practice, the total temperature is measured by inserting a probe in
the vicinity of the aircraft where the relative speed of the flow surrounding
the aircraft (the difference between the airflow and aircraft speed) becomes
zero. In reality, however, this relative velocity may not become zero, and
therefore a correction factor (less than 1) is included in the calculations (¢”).

]11 ' y - 1 2

Lol+e Ty

T e 2 (30)
0=T/T, 6=P/P, (31)

3.6 Lapse Rate

The variation of temperature between atmospheric layers is a
determining factor characterizing atmospheric stability. The gradient of air
temperature versus the altitude is referred to as the lapse rate.

Hydrostatic law governs the change of pressure for an air parcel, with the
altitude versus the gravitational force applied vertically toward the center of
the Earth. Assume that the mass of the dry air parcel over a specific point
at altitude (z) is m. For an adiabatic process, the change of pressure (dP)
for the incremental change in altitude (dz) may be obtained using forms of
energy presented either by equation (70)— dQ = Mc,dT + PdV or equation
(71)—dQ = McdT — VdP. Equation (32) is derived as a result.

dP = —pgdz (32)

By substituting the general equation of state for the ideal gas, equation
(55)—PV =nRT, in the previous relation, you will find that change of
temperature with increase in altitude (I, = dT/dz = -g/C,) for dry air is
approximately 10 °C for every km or 3 °C per 1,000 ft, where I, is dry-
adiabatic lapse rate.

Assuming that there is a container partially filled with water, the
molecules in the vicinity of the liquid are disturbed and separated from
the surface in the form of water vapor. Some also collide with the liquid
surface and adhere to it. The rates of phase change from liquid to gas
and from gas to liquid—also known as evaporation and condensation—
eventually equalize, and as a result the multi-phase temperature equalizes
to the saturation state whose pressure is the saturated vapor pressure (e,)
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and is directly dependent on the absolute temperature—the higher the
pressure, the higher the temperature is required and vice versa. The rate
of phase change remains high at the beginning of the process; however,
it is reduced as more water is transformed to gas in the form of vapor.
This is the reason why the saturated lapse rate (change of temperature with
respect to altitude for the saturated air parcel) is smaller than the lapse
rate of dry air. More energy in the form of heat is required to cool down a
parcel of air that includes a water vapor component due to the presence of
contaminant nuclei and water vapor; a dry parcel of air can cool faster given
its purity and lack of contamination. As a parcel of air is elevated, assuming
that it starts from the dry state, it cools at a lapse rate of 3 °C per 1,000 ft
(10 °C per 1 km) until reaching the saturation state.

The elevation at which the saturation state is achieved depends on the
air parcel’s initial temperature. The parcel is then cooled at a saturated
adiabatic rate (1.5 °C per 1,000 ft, 4.9 °C/km) in an adiabatic-reversible
process (I',)). The moving air facilitates this cooling process, moving the air
particles to higher elevations. The saturation continues until the formation
of liquid from vapor is completed under a latent heat that is negatively
related to temperature (rain stage). The cooling continues down to the
freezing point (0 °C), where the hail stage, which is an isothermal process,
commences; the rate of cooling during this stage remains constant, since the
latent heat of freezing is independent of temperature. This stage continues
until the phase change from liquid to solid is completed. The parcel of air is
still ascending with a reduced lapse rate due to the release of the latent heat
of evaporation during the rain stage. Even after the majority of the liquid
has transformed into a solid in the form of ice, there are still a number of
vapor particles that are deposited into a solid in the form of ice crystals—the
snow stage. The ascent of the air parcel continues until all vapor transforms
into ice and is done in a dry adiabatic rate that is larger than that of the
rain stage. Since the opposite process follows the same cooling rate and
temperature profile in a majority of cases, it is called a reversible adiabatic
process (Figure 8).

In a semi-adiabatic process, the formation of the precipitation happens
at the moment of completion of each phase, starting with rain and then
developing into snow. Hail does not form during this process since there
is no liquid left in the air parcel after the completion of the rain stage to
form ice. This process is irreversible. After completion of the snow stage,
where precipitation in the form of snow has left the air parcel, meaning that
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FIGURE 8 Cooling stages in the atmosphere versus the temperature.

there is no remaining moisture, the parcel of dry air therefore returns to its
original state, which happens as a non-reversible adiabatic process and with
a dry lapse rate. The temperature of the final state is higher than that of
the initial one, and this final state temperature is known as the equivalent
temperature.

Equation (33) presents the relationship between moist air properties
and the change in the ratio of the water content to that of the dry air (dw,)
for an adiabatic or semi-adiabatic process, where L, is the latent heat of
vaporization. dw, depends on the water content.

—cw, (33)

The temperature gradient between the atmospheric layers is often used
to calculate the spread (i.e., the difference between the dry-bulb and dew-
point temperatures) as well as the lapse rate as a function of the altitude.
These two values are employed to calculate the saturation and freezing levels
required to determine cloud base and icing. The levels (ft) are calculated by
dividing the spread (°C) by the lapse rate for the given altitude (°C/ft). Note
that the standard lapse rate set by ICAO is 1.98 °C per 1,000 ft (6.6 °C/km).
Given the level of water vapor in the air parcel, there are three different
types of lapse rate: dry, adiabatic, and saturated (moist) (Table 1).

TABLE 1 Dry, adiabatic, and saturated (moist) lapse rates.

Lapse Rate (°C/1,000 ft)

Adiabatic Lapse Rate | Saturated/Moist | Standard/Environmental (ELR) | Dry
°C/1,000 ft 15 1.98 3.0

°C/km 4.9 6.5 9.8
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3.7 Density

Density (p) is the ratio of the mass (m) of the parcel of air to its
volume (V) and is related to the pressure and temperature—equation
(34). Equation (55)— PV =nRT —can be rewritten to include molar mass
(M), gas pressure (P), and absolute temperature (T), as well as specific gas
constant (R)—equation (35). The equation shows that the density is directly
related to the pressure and mass, and inversely related to the temperature.
The second part of equation (35) is a function of mass (M,, M,) and partial
pressure (P, P,) of dry air as well as water vapor. The expression 1/T in the
denominator of equation (36) is the thermal expansion coefficient for an
ideal gas for isobaric and isochoric processes, presenting the changes of gas
volume as a function of the changes in temperature (AT) [72]. Increasing
the water content and temperature of the air mixture causes the air density
to decrease.

_ m
P=y (34)
_ P _nMtM, -
T RT
p=—P4r (36)
1+

T

3.7.1 Specific Volume

Specific volume is the ratio of the volume of the mixture to its mass,
which is the sum of the masses of dry air and water vapor content [73]. To
obtain the specific volume for an ideal gas, you may simply calculate the
inverse of density; however, for moist air, based on ASHRAE, this value is
to be increased by percentage of the Humidity Ratio (HR).

3.7.2 Density Altitude

Density altitude is the pressure altitude adjusted for the temperature.
In other words, it is a function of the density of the air at the altitude of
interest above the MSL. Based on ideal gas laws, increase in temperature,
decrease in pressure, and increase in humidity cause the density altitude
to decrease. Density altitude is an important parameter when assessing
a buoyant object’s aerodynamic performance. The lift generated by the
airfoils, the relation between the IAS and TAS, and the power generated
by the engine all depend on the variation in air density and its composition
[74]. Density altitude (DA) is shown by equation (37), where P is the static
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pressure and P, is ISA standard pressure at the MSL, P, (101,325 Pa,
1 atm, 29.92 inHg, 14.67 psi) are static atmospheric and MSL pressures, T
is the outside air temperature (OAT) and T, is the standard temperature
at the MSL, T, (15 °C, 288 K, 59 °F), I is the temperature lapse rate, R is
the specific gas constant, g is the gravity acceleration, and M is the molar
mass. The subscript MSL means the parameter is associated with the mean

sea level.
IR
P |eM-rR
T, P,
DA = “]’EL 1- 1‘1{“ (37)
Tyse

Equation (38) is the simplified form to calculate density altitude in
which temperature (T},) is the standard temperature at the given altitude
(H) obtained from equation (39), where I}, is the standard-adiabatic lapse
rate (1.98 °C/1,000 ft, 6.6 °C/km)— I}, .

DA = PA + 118.8(T — TISA) (38)
Tigpn=Tys, — Ty H (39)

3.8 Humidity

Water vapor is a very important component of air. It is capable of
transforming from gas to liquid (condensation) to solid (freezing), and from
solid to liquid (melting) to gas (evaporation). Itis responsible for the formation
of clouds and precipitation. Water vapor is also capable of transforming
directly into solid ice crystals (deposition) and from ice directly back to
vapor (sublimation). The formation of clouds starts from particles called
condensation nuclei. These small particles are present due to pollutants such
as sulphur, salt, gas, smoke, and smog. These particles attract water droplets
to form agglomerates that later expand to form clouds. You may employ
isoplats (lines of constant acid precipitation) and isoflors (lines of constant
areas of comparable biological diversity) to investigate the effect of human
population and related pollutants on precipitation occurrence, duration, and
intensity. Depending on the method of formation of these droplets, different
temperature levels can be identified that are categorized into three main
groups known as dew-point, dry-bulb, and wet-bulb temperatures.

There are two properties associated with humidity: relative humidity
and humidity ratio, also known as moisture content, are associated with
mole and mass fractions, respectively [75,76]. Relative humidity is the
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ratio of the mole fraction of water vapor in moist air to the mole fraction
of water in the saturated case at a constant temperature and is expressed
as a percentage. It may also be expressed as the ratio of the vapor partial
pressure to that of the equilibrium state at a constant temperature. At low
temperatures, vapor partial pressure increases, resulting in less humidity in
the air compared to that of high temperature cases. Fully saturated moist
air is another way of expressing the relative humidity as 100 percent.

Humidity ratio, on the other hand, is the ratio of the mass of the water
vapor to that of the dry air. You may come across the term mixing ratio,
especially in thermodynamic diagrams, which is another term for humidity
ratio. Using the dry-bulb and wet-bulb temperatures and a psychrometric
chart, you can obtain the value of the humidity ratio for the relative humidity
of 100 percent. Humidity is measured by a hygrometer.

Both excess and insufficient humidity can lead to undesirable effects
for human and mechanical systems, especially in the aviation industry. For
humans, lack of humidity may aggravate allergies and promote respiratory
problems, dryness of nasal passages and bleeding as a result, and dry
skin. High humidity may result in serious health issues, as the body may
not be able to accomplish the heat dissipation required to moderate its
temperature. The heat index and humidex are factors that combine the
effects of temperature as well as humidity on the atmosphere cooling
effect. A relative humidity of 50 to 60 percent may be recommended as a
comfortable range for human beings.

When flying at high altitudes, temperature is low and therefore there
is a low humidity content, which decreases even further with heating the
cabin air. The cabin air relative humidity may drop to 10 percent or less, and
this may lead to health risks for passengers and the crew. If your skin feels
dry during the winter months, you may use a humidifier at your leisure;
however, when flying thousands of feet above the MSL, the humidity that
is generated by a supply of water to the system does not seem that practical
for the extra weight it introduces, which may or may not be supported by
the aircraft weight balance limitations. If, on the other hand, the captain
decides to fly at a lower altitude or through the clouds, the increased level
of humidity may result in water condensation on the skin of the buoyant
object in contact with its surroundings or internal systems, which may be
the cause of worry in close to sub-freezing temperatures for the systems—
either internal or external—if not specifically designed for these operating
conditions. Carburetor heat is a method to reduce the negative effects
of cold humid air flowing into the piston engine of an aircraft. For this
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reason, the dew-point temperature is provided with weather reports so that
the spread can be evaluated, especially when making cross-country flight
plans. Dry air is better at keeping an aircraft buoyant due to the lift forces
it produces and higher flight efficiency compared to that of moist warm air.
This is the reason for including weather conditions in the flight calculations
related to the runway length required for takeoff and landing as well as
ascent, descent, and cruise performance. Higher humidity combined with
high temperatures requires longer takeoff and landing distances. Dry air in
general is better able to hold moisture than the moist air.

A number of empirical relationships have been developed in which
the saturation vapor pressure (e,) may be obtained using absolute
pressure along with the dry-bulb temperature (T). There are a number of
assumptions associated with each formula: for example, the temperature
must be between -80 °C (112 °F) and 50 °C (122 °F). Given their empirical
nature, each formula poses its own complexity that is a function of the
contamination level as well as the applicable temperature range. Equations
(40) and (41) are among the most common empirical relations to estimate
saturation vapor pressure in kPa versus the temperature in degrees Celsius
[77,78,79]. Equation (42) presents Relative Humidity (RH) as the ratio
of the partial vapor pressure (e) to saturation partial vapor pressure (e,) at
temperature T. These relations are also known as Arden Buck equations
and are considered accurate for temperatures between -80 °C (=112 °F)
and 50 °C (122 °F).

T T

T)=0.61121exp|[18.678 — T>0° 40
() eXp(( 234.5)(257.14+T)) ¢ 40)
e.(T)=0.61115¢ (23 036 — — )( 4 ) T <0°C (1)

=0. X ) -
‘ P 3337 \279.82+ T
T

rir =) (42)

e, (T)

3.8.1 Mixing Ratio

Mixing ratio is the ratio of the mass of the mixed components to the

total mass—equation (43)—where w; is the weight fraction for component

1 with mass (m;) and w, is the weight fraction for component 2 with mass

(my), with (r,) the ratio of the component masses (r,, = m,/m;). In weather

applications where one deals with vapor and dry air, the mixing ratio (or

humidity ratio) may be defined as the mass of the wet component (m,) to

that of the dry component (m, = m — m,)—equation (44)—where mis the
total mass.
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s — wy + Wyl (43)
1+7r,
oM (44)
7n(]

3.9 Enthalpy

Enthalpy (h) of a thermodynamic system is defined as the sum of its
internal energy and the product of its pressure and volume, expressed as
energy per unit mass [80]. In other words, it consists of the system’s internal
energy plus the amount of work required to displace its surroundings based
on reaching the equilibrium state—volume and pressure. For an ideal gas,
this value is a function of the specific gas constant as well as the gas pressure
and temperature.

3.9.1 Static Enthalpy
Static enthalpy is the enthalpy of the fluid when it is motionless—
equation (45).

h= cPT (45)

3.9.2 Stagnation Enthalpy
Stagnation enthalpy, also known as total enthalpy, is the enthalpy of a
motionless fluid plus the added energy due to the movement—equation (46).
o2
h= cPT + > (46)

3.10 Stability

Condensation occurs when the water vapor content within a moist
parcel of air reaches its saturation capacity. Since the capacity to hold the
water vapor depends on the temperature, this capacity may be increased
by increasing the air temperature—for there is less moisture in a cooler air
parcel. The condensation process is involved in the formation of clouds,
fog, rain, hail, snow, and mist. This cooling process, either in the adiabatic
or semi-adiabatic form, causes the density of the air to change—the density
of dry air is greater than that of the moist air. Other processes that may help
cooling and condensation may involve radiation, contact with the cooler
parcel of air or freezing nucleus, and adiabatic cooling along with expansion
of the parcel of air. Density of air, which is the determining factor for its
buoyancy, is directly associated with air parcel stability. A parcel of air that
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is warmer than its surroundings rises, and the rise continues (unstable)
until the parcel’s temperature equalizes with that of its surroundings. At
this point it remains at the approached level (neutral) or becomes cooler so
that it starts descending (stable).

In other words, to reverse a stable system to its original status, you only
need to remove the driving force for causing the instability—the stressor.
However, for an unstable system, lack of the driving force is not sufficient
to make the system stable again. In a system with neutral stability, removing
the driving force will leave the system at its current, and not initial, state. A
technique to determine stability is to compare the actual lapse rate with that
of the standard one. If the real-time lapse rate is smaller than the standard-
adiabatic lapse rate, the air parcel is stable; if they are equal, the air parcel
is neutral; for lapse rates larger than the standard-adiabatic lapse rate, the
air parcel is unstable. Another method to identify the stability level is to
calculate the gradient of potential temperature with respect to the altitude:
positive values are associated with stable air while zero and negative values
represent neutral and unstable conditions. Convective Available Potential
Energy (CAPE)—the amount of energy an air parcel requires to be lifted
vertically to a certain distance—is related to the positive buoyancy of the
air parcel and is another indicator of atmospheric stability [81]. Figure 9
depicts the state of hydrostatic equilibrium (single-line arrows) as well as
an accelerating cloud scenario (double-line arrows). Balance of forces is
applicable to the arrows of similar line type (Figure 9).

F,=-dP/dz

Surrounding Air Parcel of Air
Ps Vs Ts

Fa=Ws=msg=psVs g

F;=ma=W;-W

pVT a=glps-p)/p

Fi=W=mg=pVg

FIGURE 9 Air parcel in hydrostatic equilibrium and acceleration scenarios.
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Applying the Archimedes’ principle to the parcel of air shown in Figure
9 reveals that upward force imposed on the body from its surroundings and
downward force imposed by gravity on the air parcel are to be equal for
the case of a parcel in equilibrium with its environment. If the buoyancy
force exerted on the air parcel equals its weight, hydrostatic equilibrium
is in place and the air parcel does not move (single-line arrows). Equation
(32), dP = —pgdz, is then transformed to equation (47). Average virtual
temperature (T,) may be represented by equation (48).

P=E)e(’§(z_z‘”) (47)

LnP
[ 1,d(Lap)
T — LnF,

*" (LnP-LnF,) “8)

There are also cases in which the air parcel accelerates or decelerates—
given the balance of said forces (double-line arrows). This scenario requires
that the upward force imposed on the body by its surroundings and the
downward force imposed by gravity on the air parcel are not equal—the
difference is the acceleration force (F, in Figure 9). The balance of forces
for an isobaric process results in equation (49), in which acceleration is
given as a function of the air parcel temperature (T) and its surrounding
temperature (T_). Equation (49) shows that if the temperature of the air
parcel is lower than that of its surroundings, the acceleration is negative,
meaning that the air parcel accelerates downward (stable). The opposite
is the case when the temperature of the air parcel is higher than that of its
surroundings, in which case the acceleration is positive, meaning that the
air parcel accelerates upward (unstable).

(T-T,)
a=—""g 49
T 8 (49)

Substituting the hydrostatic relation presented by equation (32) into
the semi-adiabatic process presented by equation (33) results in the
saturated-adiabatic lapse rate (I',) for the semi-adiabatic process presented
by equation (50). € is the ratio of the gas constant for the dry air to that of
the water vapor (e =R,/R, ).

)
ry= d_T =r R,T (50)

dz el w.
14+ S
R,C,T?
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Assuming that the air parcel in Figure 9 is homogeneous, meaning
that its density and therefore volume do not vary spatially (i.e., horizontally
or vertically), the condition that is possible in some hurricanes, you may
calculate the lapse rate for the homogeneous atmosphere by combining
the hydrostatic relation—equation (32)—and equation of state—equation
(56)—P = pRT—to obtain equation (51), in which the homogeneous gradi-
ent of temperature or lapse rate is a function of the mass of the air parcel
and gas constant. By substituting the numerical values in equation (51),
the homogeneous lapse rate of 10.42 °C per 1,000 ft is obtained (34.2 °C
per km). If the lapse rate is higher than the homogeneous atmospheric
lapse rate, the conditions are absolutely unstable, which is associated with
the formation of tornadoes or hurricanes.

ar__mg_ g (51)

dz R R

It is possible to calculate the altitude for the homogeneous atmosphere
by combining the hydrostatic relation—equation (32)—and equation of
state—equation (56)—and solving for the altitude. As a result, equation
(52) is obtained, in which the homogeneous height is the function of the
standard atmosphere absolute temperature, mass of the air parcel, and
universal molar gas constant. By substituting the numerical values in
equation (52), the homogeneous atmospheric height 8,267 m (27,119 ft) is
obtained.

p=-2lo__RL (52)

mg g

If the lapse rate of the air parcel is between the ones of the saturated
and dry adiabatic, the air parcel moving upward first faces resistance due to
a larger lapse rate and then less resistance due to a smaller lapse rate. This
scenario is called conditional stability.

3.11 Examples

3.11.1 Case Study - Pressure Altitude

The weather report indicates the altimeter setting for Norman Rogers
Airport (CYGK) in Kingston (Canada) is 30.09 inHg on the 11th of the month
(METAR CYGK 111300Z ... A3009...). Assuming that the elevation of CYGK
is 303 ft and the altimeter setting is 30.09 inHg, calculate:

(a) pressure altitude for CYGK, (b) pressure altitude for the aerodromes
using the data in Table 2, and (c) pressure altitude for the altitudes presented
in Table 3.
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TABLE 2 Pressure altitudes for different aerodromes on the ground level.

Case Aerodrome (AD) AD Code | Elevation (ft) | Altimeter | P (inHg) | Pressure Altitude (ft)
1 Norman Rogers Airport CYGK 303 A3009 30.09 133
2 Squamish CYSE 171 A3014 30.14 -49
3 San Diego International KSAN 16 A3017 30.17 -234
4 Oshawa Executive Airport | CYOO 460 A2962 29.62 760
5 Waterville Robert Lafleur KWVL 332 A2935 29.35 902

TABLE 3 Pressure altitudes for different flight levels and aerodromes presented in Table 2.

Case | AD Code | Altimeter Data | P (inHg) | Altitude or Flight Level | Altitude (ft) | Pressure Altitude (ft)
1 CYGK A3009 30.09 2,000 2,000 1,830
2 CYSE A3014 30.14 4,000 4,000 3,780
3 KSAN A3017 30.17 FL150 15,000 14,750
4 CYOO A2992 29.92 FL180 18,000 18,000
5 KWVL A2992 29.92 FL300 30,000 30,000

Pressure altitude is calculated using equation (13)—PA =303 + 1,000 x
(29.92 - 30.09) = 133 ft. A similar approach is taken to calculate the pressure
altitude for the aerodromes presented in Table 2.

3.11.2 Case Study — Lapse Rate

Assuming that the temperature pair in weather report values is provided
as 25/18—where the higher value of 25 °C is the dry-bulb temperature and
the lower one of 18 °C is the dew-point temperature, calculate:

(a) spread, (b) freezing spread, (c) cloud base levels assuming dry-,
standard-, and moist-adiabatic lapse rates, and (d) freezing levels assuming

the moist-adiabatic lapse rate.

The spreadis 7°C (i.e., 25 °C - 18 °C="7°C). For a saturated atmosphere,
the cloud base is 4,667 ft (i.e., 7 [°C] / (1.5 [°C]/1,000 [ft])—Table 4.
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TABLE 4 Cloud base and freezing level case studies.

Weather Data AGL Cloud Base (ft) Freezing Level (ft)
= <
] ] s [
E | 2§ 8 g v | g 3 2
S ZE | BEAl T~ &A £ g A H
> REgO| A g0oO NS o O 5 2 & = g
!9 L oA 9 o g 5 < a e
PO EITIREY|ET 0T 5 8 .
& = s g o 8
= =
M5/M10 5 -10 5 10 3,333 | 2525 1,666.7 6,666.7 10,000.0
0/M5 0 5 5 5.0 3,333 | 2525 1,666.7 3,333.3 6,666.7
10/5 10 5 5 5.0 3,333 | 2525 1,666.7 3,333.3 6,666.7
25/18 25 18 7 18.0 4,667 | 3535 | 2,333.3 12,000.0 16,666.7
30/20 30 20 10 20.0 6,667 | 5051 | 3,333.3 13,333.3 20,000.0

3.11.3 Case Study — Density Altitude
The weather report indicates the altimeter setting for Norman
Rogers Airport (CYGK) in Kingston (Canada) is 30.09 inHg on the 11th
of the month, and the dry-bulb temperature is at 1 °C and the dew-point
temperature is at -3 °C (METAR CYGK 111300Z ... 01/M03 A3009...).
Assuming that the elevation of CYGK is 303 ft with an altimeter setting of
30.09 inHg, calculate:

(a) pressure altitude for CYGK, (b) pressure altitude for the aerodromes
presented in Table 5, (c) standard temperatures for the elevations presented
in Table 5 assuming the standard-adiabatic lapse rate (1.98 °C/1,000 ft), and
(d) density altitude for the elevations presented in Table 5.

For Case 1, the pressure altitude is 1,830 ft [PA = 2,000 + 1,000 x
(29.92 - 30.09) = 1,830 ft]. The standard temperature (T},) is 11.04 °C
[T)5,=15-1.98%(2,000/1,000) = 11.04 °C] at the pressure altitude (PA), and
the density altitude (DA) is 1,112.45 ft [DA = 1,830 + 118.8 x (5 - 11.04) =
1,112.45 ft]. A similar approach is taken to calculate the aforementioned

properties provided in Table 5.
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TABLE 5 Pressure and density altitudes and standard temperatures for different
flight levels and aerodromes presented in Table 2 and Table 3.

_g [

< 2 g g 3

E N 8 g ~ | & 2 T 2 ‘g

9] ° &0 s ~ S 8 ~

Sl 2| S| B E|~2|Fe|ig|liic| te

B = g = ~ s ~ R

2 2| 2| = =3 ; s & :

= 9 = = 1)

~ =]
1 2,000 | CYGK | A3009 | 2,000 | 30.09 1,830 5 11.0 1,112.45
2 4,000 | CYSE | A3014 | 4,000 30.14 3,780 -5 71 2,344.90
3 FL150 | KSAN | A3017 | 15,000 30.17 14,750 -10 -14.7 15,308.36
4 | FL180 | CYOO | A2992 | 18,000 | 29.92 18,000 -15 -20.6 18,670.03
5 | FL300 | KWVL | A2992 | 30,000 | 29.92 30,000 -20 -44.4 32,898.72

3.11.4 Case Study — True Airspeed (TAS) versus the Calibrated
Airspeed (CAS)

For the data presented in Table 6, using the standard pressure and
temperature at sea level and elevation data, assuming the standard-adiabatic
lapse rate of 1.98 °C/1,000 ft and CAS =1.1X TAS/\/;, for the given Mach
numbers, calculate:

(a) pressure, (b) density, (c) TAS, (d) EAS, (e) CAS, and (f) present a
plot of TAS, EAS, and CAS versus the Mach number.

Using the standard pressure and temperature presented in Table 6,
density (p = P/RT) is obtained. The pressure (in Pa) at a specified altitude
is given by P = 101,325(1 - 2.255,77 107 H)>*>%—where H is the elevation
in m. Temperature is obtained from T = Ty, — 1.98(H — H;)/1,000. Given
the standard-adiabatic lapse rate of I', , = 1.98 °C/1,000 ft, TAS is obtained
from TAS=c¢,M/T./T, , CAS is obtained from CAS =1.1TAS/\/;, and
EAS is obtained from EAS =./p/p, TAS —where TAS, CAS, and EAS are
in kt. Figure 10 presents the TAS, CAS, and EAS as a function of the Mach
number—Table 7.

TABLE 6 Temperature, pressure, and density versus the elevation.

Elevation (ft) | Sea Level | 10,000 ft | 20,000 ft

P (kg/m"3) 1.22 0.90 0.65
P (xpa) 101.33 69.68 46.56
P (Pa) 101,325 | 69,682 | 46,563
T cc) 15 -4.8 -24.6

Altitude (ft) 0 10,000 | 20,000
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TABLE 7 True and equivalent airspeeds as functions of the calibrated airspeed and elevation.

TAS (kt) EAS (kt) CAS (k)
Mach
Sea Level | 10,000 ft | 20,000 ft | Sea Level | 10,000 ft | 20,000 ft | Sea Level | 10,000 ft | 20,000 ft
1 340.3 328.4 316.0 340.3 282.2 230.7 338.2 379.8 430.3
11 374.3 361.2 347.7 374.3 310.4 253.8 372.0 417.8 473.4
1.2 408.4 394.1 379.3 408.4 338.6 276.8 405.9 455.8 516.4
1.3 442.4 426.9 410.9 442.4 366.9 299.9 439.7 493.8 559.5
1.4 476.4 459.8 442.5 476.4 395.1 323.0 473.5 531.7 602.5
1.5 510.4 492.6 4741 510.4 423.3 346.0 507.3 569.7 645.5
1.6 544.5 525.4 505.7 544.5 451.5 369.1 541.1 607.7 688.6
1.7 578.5 558.3 537.3 578.5 479.7 392.2 575.0 645.7 731.6
1.8 612.5 591.1 568.9 612.5 508.0 415.2 608.8 683.7 774.6
1.9 646.6 624.0 600.5 646.6 536.2 438.3 642.6 721.6 817.7
2 680.6 656.8 632.1 680.6 564.4 461.4 676.4 759.6 860.7
800
——10000 ft - CAS
700 10000 ft - TAS
—e— 10000 ft - EAS
600
z
© 500
I}
o
£
<<
400
300
200
0.9 11 1.3 1.5 1:7 19 2.1
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FIGURE 10 Calibrated, true and equivalent airspeeds as
functions of the Mach number.

3.11.5 Case Study — Passenger Luggage
Miinchen Airport(EDDM) terminalin Munich (Germany) usesacircular
vacuum tube lifter in order to facilitate handling passenger luggage up to
35 kg from the airplane to the luggage carrier and to the apron trolley for short
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hauls. The main purpose is to improve ergonomics and efficiency—almost
half of the pieces of baggage weigh between 15 and 20 kg. The vacuum tube
is equipped with grippers. The operator uses a System Resource Controller
(SRC) radio control to switch the vacuum on and off as required to improve
productivity and energy costs. The vacuum gripper may also be connected
to a mechanical hook system. The crane rail is made of aluminum with a
180-degree swivel angle, and the radius of the tube is 3.5 cm (Figure 11).
Density as a function of the temperature for air and mercury is given in
Figure 12. Using data presented in Table 8, calculate:

(a) required vacuum pressure to lift 15 kg, 20 kg, and 30 kg loads,
(b) maximum load that can be lifted assuming that atmospheric pressure is
the driving force to generate the vacuum, and (¢) maximum load that can
be lifted assuming that varying ambient air pressure is the driving force to
generate the vacuum.

Formulae are presented in Table 8. Note that pressure is defined as
the force over the area. The cross section of the tube that has an area A is
circular (with radius 7). For the scenarios in which the atmospheric pressure
is the driving force and it is dependent or independent of temperature, the
associated force is employed for calculations.

FIGURE 11 A vacuum tube lifter (drawings created using Solid Edge CAD tool).
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FIGURE 12 Mercury and air densities versus the temperature.
TABLE 8 Pressure versus the luggage mass calculations.
Gravitational acceleration ( g) 9.8 m/s?
Air density at 15 °C ( 0,:.) 1.225 Kg/m3
Mercury density at 15 °C ( Oy, ) 13557.451 Kg/m?
Geometry Specification of the Tube
Vacuum Tube Radius (7') 3.500 cm 0.03500 m
Vacuum Tube Area (A = 77.'1"2 ) | 38.485 cm? 0.00385 m?
Pressure Required to Lift the Loads
Mass (M ) (kg) 30 20 15 10
Weight (' =W = Mg) 294N 196 147 08
Pressure (P =F / Ay (Pa) | 76,390 | 50,909.09 | 38,181.82 | 25,454.55
Pressure (P = F / A) (kPa) | 76.390 50.910 38.182 25.455
Pressure (P = F' / A) (inHg) | 22.55 15.033 11.280 7.517
Forces by the Atmospheric Pressure
MSL Pressure ( P ) 101.325 kPa 101,325 Pa
Force (F' = PA) 3.546 kN 3,546.375 N
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The ratio of the densities can be used to calculate the forces due to the
use of mercury versus air—the tube cross section does not vary between
the two scenarios. The force, equal to the weight, may be converted to
mass assuming a constant gravitational acceleration. Maximum loads that
may be lifted for different atmospheric pressures are presented in Table 9.
Pressure versus the luggage mass is shown in F igure 13. Note that
1 kPa = 0.2953 inHg.

TABLE 9 Mass calculations given pressure.

Case Pressure | Pressure | Force | Mass
(nHg) | Pa) | ) | (ke)
1 3.76 12.73 49.00 5.00
2 7.52 25.46 98.00 10.00
3 11.28 38.20 147.00 | 15.00
4 15.04 50.93 196.00 | 20.00
5 18.80 63.66 245.00 | 25.00
6 22.56 76.39 294.00 | 30.00
7 25.69 87.00 334.82 | 34.16
8 29.92 101.90 392.16 | 40.02
9 30.78 104.25 401.20 | 40.94
10 32.00 108.37 417.05 | 42.56
120 35

100 30
25
80 y = 2.5465x
BF=1 =
= 20 ¢
= 60 <
° 5
2 15 @
a 40
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FIGURE 13 Pressure as a function of the luggage mass.



CHAPTER

T HERMODYNAMICS OF AIR

or movable border—encloses a volume of particles. The boundary

separates the system from its surroundings. It is understood that
mass and energy (the latter as heat and work) flow across the boundary.
There is no limit to the number of particles that may form a system; one
atom (as suggested by Max Planck’s definition in 1900), one nucleus (as
used in quantum thermodynamics), or a body of air mass (as suggested
by Sadi Carnot in 1824) may each form a thermodynamic system. For a
horizontally opposed piston engine, a piston moving inside the cylinder
defines a moving boundary, while a piston at rest is a fixed boundary. The
boundaries in both cases are real; on the other hand, for gases leaving the
exhaust manifold, an imaginary boundary may be created to calculate the
energy released to the atmosphere in the form of heat that may be used; for
example, for cabin heating [82,83,84,85,86].

In a thermodynamic system, a boundary—an imaginary or real, fixed

Depending on the level of interaction of a system with the surroundings,
further categorizations of open, closed, and isolated systems have been
introduced. Isolation may be thermal, mechanical, or as a combination of
both. When an equilibrium state within a parcel of air is reached, differences
in properties such as internal temperature, pressure, and density approach
zero. When traveling from point A to point B in a three-dimensional space,
the path taken may vary. The same is applicable in a thermodynamic
process, where one may “travel” from state A to state B, along different
paths. Each path represents different process. As one travels along this
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path, the internal energy level of the system changes from the initial state
(A) to the final state (B).

Atmospheric properties also affect other phenomena in which the
atmosphere acts as a carrier. Sound pressure level (SPL) is a logarithm of
the effective pressure with respect to a reference value (20 uPa). In other
words, it is the difference between the average local pressure and pressure
of the sound wave. An aircraft flying overhead generates sound with adverse
health effects starting from 40 dBA; the sound is required to be managed
to fall within the recommended intensity to comply with environmental
conditions. This recommended intensity is as low as 57 dBA in Australia
and 65 dBA in the United States for noise-sensitive zones. Studies show
that a nighttime average sound pressure level of 55 dBA may increase the
risk of heart attacks by 66 percent in men and 139 percent in women. They
also found that a 5dBA increase in aircraft noise exposure resulted in a
two-month increase in children’s reading age in the United Kingdom and
a one-month increase in the Netherlands. Isobels (lines of constant sound
pressure level) will assist with identifying the areas in which the sound
pressure levels exceed 40 dBA. For comparison, singing birds generate
44 dBA and whispers generate 20 dBA; on the other hand, a jet generates
150 dBA at takeoff at 25 m, with a potential for eardrum rupture. Live
rock music generates about 108 dBA, which is the average human pain
threshold. In addition to the SPL, the exposure time is important when
setting acceptable noise threshold limits [87,88,89,90,91,92,93].

4.1 Thermodynamics of Dry Air

Additional thermodynamic process classifications are: (a) isothermal,
where temperature remains constant for the entire process; (b) isobaric,
where pressure remains constant throughout the process; (c) isovolumetric,
also known as isochoric, which happens at constant volume; (d) adiabatic,
where there is no transfer of energy in the form of heat between the
system and the surroundings; (e) isentropic, where entropy remains
constant for the entire time; (f) isenthalpic, where enthalpy remains
unchanged during the process; and (g) steady-state, where changes over
time are insignificant.

The firstlaw of thermodynamics, briefly discussed previously, introduced
the existence of a connection between the gas internal energy (related to
translational, rotational, and oscillatory motions of the molecules) and its
temperature. This law—regarding the conservation of energy—states that
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this change of internal energy is associated with work and heat and is in fact
the difference between the two terms as presented in equation (53). There
are also other interpretations of this law that express one term in terms of
two others. For example, the energy that is inputted into the system in the
form of heat (dQ) causes its internal energy to increase (dU) and for work
to take place on the system (dW).

dU =dQ — dW (53)

The air parcel floating in the sky is exposed to forces in all directions—
Figure 9. The work that causes the volume to compress from V| to V,
presented as an integral of pressure over volume in equation (54) shows
the change of the state variables—pressure versus the volume—and this
work’s magnitude is the area under the diagram representing this relation
(Figure 14). There are different paths to take from the initial state A via
the intermediate state B, and the final state C, each having their associated
heat and work; however, the total energy is the same, meaning the energy
is conserved. Assuming a constant pressure or volume for the process, the
area under the diagram will either represent the heat given to or taken away
from the system, the work done on the system, or the work that the system
does on its surroundings.

v,
w = [Pav (54)

Vl
There are a number of general thermodynamic relations that govern
ideal gas behavior and that are adopted for describing the thermodynamics

P

e e R R

FIGURE 14 Pressure-volume diagram and representation of work.
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of air. Ideal gas law explains the state of gas and is generally expressed
with equation (55), where P is pressure, V is volume, n is the number of
molecules (total mass per molar mass: m/M), R is the specific gas constant,
and T is the absolute temperature. This equation is an empirical law and is
calibrated for different gases, and therefore the specific gas constants vary
depending on the gas. It is possible to reformulate this equation to include
density (m/V)—equation (56)—where p is density and R is the universal
molar gas constant (8.314 k]/kmolK). For air, the relevant constants required
are the dry air molar mass (28.96 kg/kmol), the specific gas constant for
dry air (R, = 287.0 J/kgK), and the constant for saturated moist air (R, =
461.5 J/kgK)—water molar mass is 18.02 kg/kmol). Recall Avogadro’s law
that volume increases with increasing the number of molecules, for a given
temperature and pressure.

PV =nRT (55)
P=pRT (56)

The previous relationship is intended to represent the status of gas at
any stage of the process. Depending on the process, different expressions
for these equations may be derived. Equation (55) is another form of
Avogadro’s law—equation (57)—where cte means it is constant.

Z=cte—>£=& (57)

n n, Ny

A process is isothermal where temperature remains constant for the
entire process (i.e., T = constant). For an isothermal process, equation
(55) simplifies to equation (58)—also known as Boyle’s and Mariotte’s law,
which states that the pressure and volume are inversely related at a constant
temperature. At a constant temperature, the heat given to the system is
purely used to create work on the system (dQ = PdV = —Vdp =dW).

PV =cte = PV, =PV, (58)

In an isobaric process, pressure remains constant throughout the
process (i.e., P = constant). For an isobaric process, equation (55) simplifies
to equation (59)—also known as Charles’s law, which states that the absolute
temperature and volume are inversely related at a constant pressure. At a
constant pressure, the heat given to the system is purely used to increase
the internal energy of the system (dQ = Mc,dT), where ¢, is heat capacity
at constant pressure.
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A I ) (59)
T T,

1

A more general form of equation (59) in which thermal expansion
coefficient () is taken into consideration is given in equation (60), where
constant pressure has been identified in the form of subscript “p” for the
expansion coefficient. A partial derivative of equation (58) results in the
thermal expansion coefficient of @, = 1/T for the gas at constant pressure.
This coefficient shows that if the temperature of a gas at constant pressure
increases by one Kelvin (or one degree Celsius), the volume increases by
0.37 percent (1/273) of the original volume. Note that here the temperature
(T) is in Kelvin. Subscript “6” represents the ISA conditions.

V=V,(1+a,T) (60)
Assuming that an ideal gas follows a process starting at an initial state 1
(P,, V|, T,) and reaching a final state 2 (P,, V,, T,), using Charles’s law,
equation (61) is presented for the thermal expansion coefficient at constant
pressure (ap). In this relation, the gas constant (R) depends on gas, volume,

and expansion coefficient, and absolute temperature (1”), resulting in
equation (62). This equation is the derivation for converting the temperature
unit from Celsius to Kelvin.

1(dV
— &Y 61
“ V((IT) 6
,_( 1 )_ (62)
T =|—+4+T|=273+T
@

The isovolumetric (also known as isochoric) process takes place at
constant volume (i.e., V = constant). For an isochoric process, equation (55)
simplifies to equation (63)—also known as the Gay-Lussac’s law, which
shows that the absolute temperature and pressure are inversely related at
a constant volume. At a constant volume, the heat given to the system is
purely used to increase the internal energy of the system (dU = Mc,dT),
where ¢, is heat capacity at constant volume.

E =cte—> i = 2

T T, T,

In an adiabatic process, there is no transfer of energy in the form
of heat between the system and the surroundings. For this process, the

(63)



58 ¢ FLiGHT SciencE

change of system internal energy is transformed only to compression or
expansion work. Energy balance equation (53) is then transformed into
equations (64) and (65). Processes occurring between the surface of the
Earth and the atmosphere are usually of a non-adiabatic nature; however,
short-term processes may be assumed to be adiabatic. Given the negative
value of temperature gradient with altitude, the air parcel moving upward
is expanded adiabatically, and the one moving downward is compressed

adiabatically.
Me,dT = - PdV (64)
Me,dT = VdP (65)

Entropy (¢ = s) is a quantity introduced by the second law of
thermodynamics. There is a relationship between entropy and the heat
that is received or given back by the air parcel as a function of its absolute
temperature—equation (66).

dp="2 (66)

An isentropic process, also known as reversible adiabatic, does not
involve entropy change (dy), and equation (55) simplifies to equations (67)
and (68)—which show that the absolute pressure is inversely related to the
ratio of the volume raised to the power of the ratio of the specific heats
(y= cp/cv)—for a constant-temperature process. Combining equations (66)
and (7)—6 = T(1000/P)’—results in equation (69).

14
PV’ =cte— Ll = (E) (67)
2 Vl
y—1 y—1 y—1 r—1 b4
P =cte—> Pl = Pz - ﬂ = E (68>
7 7 1 \P T,
¢ = C,Ln0 + cte (69)

The general form of energy balance equation presented by equation
(53) is then transformed to either forms of equations (70) or (71), taking into
account that the heat capacity ratio (y = ¢ /c,) for an ideal gas is a function
of its degrees of freedom and is 1.4 for a diatomic gas with 5 degrees of
freedom (the minimum number of coordinates required to identify the
spatial position, three, plus direction, two).

dQ = Mc,dT + PdV (70)
dQ = Mc,dT - VdP (71)
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4.2 Thermodynamics of Moist Air

Given that air is a mixture of gases, the single-component relationships
presented previously are not directly applicable. Air may be treated as a
combination of dry air and water vapor. Recall that dry air consists of 78
percent nitrogen, 21 percent oxygen, and 1 percent inert gases. When the
air is saturated—where the rates of phase change from liquid to vapor and
vice versa remain constant, and where temperature and pressure remain the
same during the phase change process—the Clausius—Clapeyron relation is
valid—equation (72), where e, and e, are saturated partial vapor pressure
for air and a reference air at T and T, respectively. T, is the atmospheric
reference temperature (0.01 °C = 273.16 K) whose partial pressure is
611 kPa (6 atm, 180.43 inHg, 88.62 psi)—also known as the triple point,
where three phases of water are at equilibrium. L is the latent heat of
evaporation in kJ/kg—the amount of heat required to change the phase of
the unit mass of the liquid to vapor or vice versa, presented by equation (73).
This value may be replaced with the latent heat of sublimation (L,)—the
amount of heat required to change the phase of the unit mass of the vapor
to solid or vice versa, which occurs at a constant temperature. Temperature
(T) is in Kelvin and R, is the specific water vapor constant (461.5 J/kgK).

Ln&=£ 11 (72)
e, R\T, T
L =3331.3—-29T (73)

The heat capacities at constant pressure and volume for unsaturated
parcels of air are defined using equations (74), (75), and (76)—where w
is the mass ratio of the water content to that of the dry air, C,, is the heat
capacity at constant pressure for dry air, and C,, is the heat capacity at a
constant volume for dry air.

C,,, =Cpy (1+0.86w) (74)
Cyp =Cyy (1+1.97w) (75)
R, 1
¢:(1——)(1—0.26w) (76)
CPm y

If water and vapor remain in equilibrium at a temperature below zero
degrees Celsius, water is called supercooled liquid. This unstable phase
change triggers the fast freezing of supercooled water coming in contact
with a nucleus, forming ice crystals. If the freezing nucleus is absent, pure
water droplets in a supercooled state can reach temperatures of about
—37 °C, at which point they freeze uniformly.
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4.3 Weather Models

Concepts of dry and moist adiabatic rates have been the foundation of
theoretical and empirical models for atmospheric thermodynamics since
1860, with the invention of first widely used weather forecast diagram in
1927. Weather data such as dry-bulb and wet-bulb temperatures, pressure,
and humidity are collected by different techniques such as a radiosonde
attached to a latex balloon filled with a light gas (helium or hydrogen) that
ascends through the atmosphere to the troposphere and lower stratosphere.
As the pressure decreases with altitude, the balloon expands and its skin
bursts at some point, stopping its ascent, and the apparatus then returns
safely back to the ground by means of a parachute. This flight may take from
60 to 90 min. Radiosondes can also be dropped by an aircraft. They generally
collect data such as dry-bulb and dew-point temperatures, pressure, wind
magnitude, and direction as a function of the altitude. Weather is predicted
by plotting data acquired by the radiosondes in different weather diagrams,
to predict the changes of pressure and temperature with altitude as well as
rain shower and thunderstorm forecasts, and also to facilitate calculation of
convective stability or convective available potential energy. Wind barbs are
often plotted on the far-right side of these diagrams to show the magnitude
and direction of wind as a function of the altitude. The most widely used
weather diagrams are the Stiive diagram, emagram, tephigram, skew-T
log-P diagram, and Theta-Z-diagram, all discussed in the following sections.
A general-purpose chart widely used to relate thermodynamic properties
of the moist air, known as a psychrometric chart, is also presented. In the
following descriptive comments, the inclination angle is the smallest angle
between the process line and the ordinate (vertical axis). Each of these
diagrams describes the thermodynamic state of the fluid (gas or liquid) and
the effect of change of one property on the rest of the properties in order to
predict the future trends based on the historical and current data.

The term contour line is used in weather maps to indicate the lines
of equal property value (isopleths). These lines include the following:
(a) isoclines (lines of constant gradient slope); (b) isotherms (lines of constant
temperature); (c) isobars (lines of constant pressure); (d) isochores (lines of
constant volume); (e) isohumes (lines of constant relative humidity); and
(f) isodrosotherms (lines of constant dew-point temperature). Isopachs
are lines of constant thickness and may be applied to any equal-distanced
process lines or properties on a weather-related map or diagram.

Other lines associated with constant moist or dry air property values
may be extracted using any of the two said properties (e.g., pressure and
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temperature). The following are the possible scenarios: (a) isallobars (lines
of constant pressure gradient for a specific time interval); (b) isopycnals
(lines of constant density); (c) isogeotherms (lines of constant mean annual
temperature); (d) isotheres (lines of constant mean summer temperature);
(e) isohyets also known as isohyetals (lines of constant rainfall for a specific
time interval); (f) isonephs (lines of constant cloud coverage); (g) isochalaz
(lines of constant frequency of hail storms); (h) isobronts (lines of constant
phases of thunderstorm activity that occur simultaneously); (i) isotachs
(lines of constant wind speed); (j) isogons (lines of constant wind direction);
(k) isopectics (lines of constant ice formation in each winter); (1) isotacs
(lines of constant dates of thawing in each spring); (m) isohypses (lines of
constant height for a given pressure level); (n) isopotentials (lines of constant
electrostatic potential in space, also known as electrostatic charges); and
(o) isophote (lines of constant illuminance or light intensity—total luminous
flux incident on a surface per area, such as precipitation rate supplied per
unit target area) [94,95].

In oceanography and meteorology-related sciences, additional isopleth
names are used: (a) isobaths (lines of constant depth under the water);
(b)isobathytherms (lines of constant depth of water with equal temperature);
(c) isopycnals (lines of constant planes of equal water density); and
(d) isohalines (lines of equal ocean salinity) [96].

4.3.1 Stiive Diagram

Figure 15 shows a Stiive Diagram [97]. It is a diagram based on an
adiabatic process obtained using equation (7)— 6 = T(1000/P)", and it shows
that for a fixed potential temperature (6), there is a linear relationship
between the temperature (T) and pressure (P) to the power of specific
heat capacity ratio (y = cp/cv). Pressure to the power of the heat capacity
ratio (P?) (ordinate) decreases upward as a function of the reference point
(100 kPa) versus the temperature (abscissa) increasing to the right. The far-
right ordinate represents the altitude increasing upward linearly. Lines of
constant potential temperature (6) are called adiabats—either moist or dry
adiabats [98].

Isotherms are solid-straight-vertical lines, isobars are solid-straight-
horizontal lines, and dry adiabats are solid-straight-left-oblique lines with
about a 45-degree inclination. Dry adiabats converge to a point at zero
pressure and absolute zero temperature and moist adiabats are dashed-
left-oblique lines with roughly a 55-degree inclination, curving upward.
Isohumes are dotted-left-oblique lines, curving upward with a 20-degree to
10-degree inclination, decreasing from the right side to the left side.



62 ° FLIGHT SCIENCE

Pressure (kPa)

20

70

0102051 2 5 10 20 50=rsor r (g/kg)

20

. | STOVEor

pseudoadiabatic

30

40

. isobar

50
60

P (kPa)

80

100

-60

Mixing Ratio (g/kg) Stiive Diagram

008 01.15 0203 04 060810 152 3 4 6 8 10 15 20 2530 40 60 Copnnioz01s by st
b 3 ~ \ D O - RNk S ™ N & D b \ Y\ 1 N N\ vucreanve Onmmom CC-BY-NC- SAMO
:\\.‘ \#\\:\ A S \\\\‘-‘\ X R IR 1 In\emamnnl License.

« 3 ‘1‘ ‘\, k3 by "‘ N 3 S, k: \ \ S L \‘\ ~ with mﬁ:ﬂs thl:

:> N3 \\\> 3 \\\\\\\\\ 3 \‘\‘\\“E:y wet;nbm:snemp) o

e . TR SRS = P=SE g A 1
— NG ) ] \ NN " \‘. N - N 5N R - 4 \\\ V\l \ \‘\ - 4 \

= U U O i SNy NN N N N S S
= e SR NG TR N TR NG TN TR T,
?\1\\‘ \ ‘ \:\ \\ \\\\\ \\%\\ %} °
= 3 \ 5 \‘.‘\ \ \ NN, ‘\‘\\ \\\\\\\\ %\\\ 8
- \ E » . 3 ] [\ A \ .1 X \ w y .y X ~

E RN IR TR IN] Y 7
i N NSRS \ NN

il - TS : g ] | e \ 06,

5 R N WO S T T s
| LN v ) \ \\ «.‘\‘5 N

) \ ) x N \\ R \@0“

':' S 0 AN ) SR \ \\ 235
, N SNl T S 2
- ~ WRYEN AR Ny 2
i ; X 2 RN R 15
| X \\ \ SN V\\ R 1
= L 4 N ‘. : ' % | 5 e LA \ 05
= MRS ER RN RN RURARR N RN RN TR 0
< \

—60 -50 —40 -30 -20 -10 0 10 20 30 40

Temperature (°C)

FIGURE 15 Stiive Diagram as a means to calculate properties of the moist air with a

pressure range of 20 kPa to 100 kPa [97].

Height (km)



THERMODYNAMICS OF AR * 63

The pseudo-adiabatic assumption to generate the moist adiabats
has resulted in the diagram being known as a pseudo-adiabatic chart as
well, which calls for equal surface areas between the temperature of the
surroundings and the moving air parcel. The stability and cloud base are
addressed but not the CAPE.

4.3.2 Emagram

The energy-per-unit-mass diagram, also known as an emagram
(Figure 16), presents a logarithm of pressure (ordinate) decreasing upward
versus the temperature (abscissa) increasing to the right [97]. The far-right
ordinate represents the altitude increasing upward linearly. The area un-
der this diagram is associated with the energy or work. It is designed to
present the temperature lapse rate and moisture content profiles in the
atmosphere [99]. Isotherms are solid-straight-vertical lines and isobars are
solid-straight-horizontal lines. Dry adiabats are solid-left-oblique lines with
a 70-degree to 50-degree inclination decreasing from the right side to the
left side and slightly curving downward, and moist adiabats are dashed-left-
oblique lines with a 30-degree to 50-degree inclination, curving downward.
Isohumes are dotted-left-oblique lines, curving upward with a 20-degree
to 10-degree inclination, decreasing from the right side to the left side.
Therefore, isotherms and isobars are perpendicular to one another. Dry
and moist adiabats become parallel at low temperatures and high altitudes.
This diagram is very similar to the Stiive Diagram.

4.3.3 Tephigram

The T — ¢ diagram, also known as the tephigram (Figure 17), is based
on temperature-entropy relations [97]. As shown earlier, a logarithm of
potential temperature (6)—the ordinate—is related to change in entropy
(p)—the abscissa [100]. The far-right ordinate represents the altitude
increasing upward linearly. In this diagram, isotherms are presented with
solid-straight-right-oblique lines with a 45-degree inclination while isobars
are solid horizontal lines. Dry adiabats are solid-left-oblique lines with a
50-degree inclination downward, and moist adiabats have dashed-left-
oblique profiles with inclination varying from zero to 45 degrees—increasing
left to right and curving upward. Dry and moist adiabats become parallel
at low temperatures and high altitudes. Isohumes are dotted-straight-right-
oblique lines with an inclination varying from 25 to 30 degrees, increasing
left to right. It is possible to compare CAPE and convective systems more
accurately by measuring areas contained by the curves that have equal
energies for equal areas.
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4.3.4 Skew-T Log-P Diagram

Figure 18 and Figure 19 show a Skew-T log-P diagram [97]. This
diagram is used to predict weather information such as saturation,
stability, and wind shear based on visual analysis. It shows the logarithmic
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pressure (ordinate) versus the temperature (abscissa) for dry adiabats
and saturated scenarios. The far-left ordinate shows pressure decreasing
logarithmically; the far-right ordinate shows the altitude increasing linearly.
The temperature increases to the right. Isotherms are solid-straight-right-
oblique (i.e., skewed) lines, crossing the vertical lines at a 30-degree angle,
corresponding to the decrease in temperature with increasing altitude and
pressure. Isobars are solid-straight horizontal lines. Two main groups of
isopleths are moist and dry adiabats. The moist adiabats are dashed-left-
oblique lines, crossing the vertical lines at angles that vary between 5
and 30 degrees, concaving downward in lower temperatures and curving
upward in higher temperatures. The dry adiabats are solid-left-oblique
lines, crossing the vertical lines at 30-degree to 40-degree angles, concaving
downward. Dry and moist adiabats converge to parallel lines at colder
temperatures and higher altitudes. Isohumes are dotted-straight-right-
oblique lines with a 20-degree inclination. Isotherms and dry adiabats in
this diagram are almost perpendicular to one another. The Skew-T log-P
diagram is similar to the tephigram. Using this diagram, it is possible to
calculate the Lifting Condensation Level (LCL), Convective Condensation
Level (CCL), Level of Free Convection (LFC), Equilibrium Level (EL),
Convective Available Potential Energy (CAPE), and Convective Inhibition
(CIN). A weatherperson plots the dry-bulb temperature (T) and dew-
point (T,) temperatures on the diagram and, based on their variation with
altitude, predicts the aforementioned factors as a function of the altitude.
Any prediction is to start from the current elevation on the diagram and
is identified by the (T, T,). Dry properties (e.g., dry adiabats) are to start
from the dry-bulb temperature while the saturated properties (e.g., moist
adiabats) are to start from the dew-point temperature.

For instance, to predict the LCL, which is the pressure level that an air
parcel needs to reach for it to rise in dry adiabatic fashion in order to become
saturated, you may follow the dry adiabats from the dry-bulb temperature,
follow a saturation mixing ratio (isohumes) from the dew-point temperature,
and intersect the two—where the LCL is located. In this location, the air
parcel’s lapse rate changes from the dry adiabats to the moist adiabats.

CCL s the pressure level of a parcel when it is heated to the convective
temperature (a temperature that the parcel needs to reach to freely rise),
and it rises to form cumulus clouds. The intersection of the environment
temperature and the line of saturation mixing ratio (isohumes) passing
from the dew-point temperature is the CCL. To obtain the convective
temperature, you are to warm the parcel in a dry adiabatic process, starting
from the CCL until you cross the current isobar. The intersection of the
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isobar and the dry adiabatic line identifies the convective temperature.
The LCL and CCL are used to determine the height of the cloud base,
with the former mainly used for non-convective clouds and the latter
used for convective clouds—the cloud bases are usually between the two
condensation levels.

LFC is the pressure level of an air parcel that it is to reach so that
its temperature equalizes to that of the environment, and it is obtained
by intersecting the moist adiabats at the LCL with the environment
temperature. Note that not all weather conditions result in the LFC—this
is seen where the moist adiabats does not intersect the dry-environmental
temperatures, and this is when the temperature is stable enough not to
decrease sharply with increasing altitude. Additionally, having the LFC
during the day does not guarantee also having one during the night in more
stable conditions.

EL only exists where the LFC exists. This is where the moist adiabats
intersect the air parcel environmental temperature again. This is the
level at which the temperature of the air parcel is the same as that of its
environment, and above this level the parcel is colder and denser. This
identifies the top boundary of the anvil clouds, where they look as if they
are creating an umbrella for their high momentum and not because the air
above is buoyant.

CAPE is the area in between the environmental temperature and
temperature of the parcel as it undergoes a moist adiabatic process.
Therefore, its lower boundary is the LFC, and the upper boundary is the
EL. CAPE determines the positive buoyancy of an air parcel relative to its
environment and therefore identifies the strength of an updraft.

CIN measures the negative buoyancy—resistance to convection—with
its upper boundary being the LFC and its lower boundary being the level
of the environment temperature—namely the surface. Early morning has
the highest CIN, and it decreases during the day with the warming up of
the surface.

Examples for determining the LCL (670 hPa), CCL (540 hPa), LFC
(320 hPa), and EL (255 hPa) are shown in Figure 19. The convective
temperature is =5 °C. The CAPE and CIN are indicated by blue and gray-
filled areas.

4.3.5 Theta-Z Diagram

Figure 20 and Figure 21 show a Theta-Z diagram—6 — Z (with greater
and smaller pressure ranges, respectively) [97]. This diagram shows the
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height (Z) along the ordinate increasing upward versus the potential
temperature (0) along the abscissa increasing to the right [97]. In this
diagram, isotherms are presented with solid-straight-right-oblique lines
with a 60-degree inclination, and isobars are presented with solid-straight-
right-oblique lines with a 90-degree to 75-degree inclination.

Dry adiabats are solid-straight-vertical lines, and moist adiabats
are dashed-right-oblique lines with an inclination varying from zero to
50 degrees, increasing from the left side to the right side, concaving
downward. Dry and moist adiabats become almost parallel at low
temperatures and high altitudes. Isohumes are dotted-straight-right-
oblique lines with a 55-degree inclination. Altitude is accurate but isobars
are an approximate representation of pressure lines.

4.3.6 Psychrometric Chart

Figure 22 and Figure 23 show psychrometric charts. These are among
the most widely used general-purpose thermodynamic charts [101]. They
identify properties such as dry-bulb, wet-bulb, and dew-point temperatures,
relative humidity, specific enthalpy, and specific volume. Three independent
parameters including pressure level are required to obtain other properties
of the moist air. It is also possible to combine the independent and derived
variables to obtain the rest of the variables. Changes of state due to mixing of
air masses may be predicted using the chart as a function of the altitude that
is converted to the sea-level chart at altitudes above 2,000 ft. In Figure 22
and Figure 23, dry-bulb temperatures are short-dashed vertical lines, while
the humidity-ratio lines (g of water per kg of dry air) are presented by short-
dashed straight-horizontal lines. Specific enthalpies of moist air (k] per kg
of dry air) are shown by solid straight-left-oblique lines with a 55-degree
inclination, the same as for the wet-bulb temperatures. The slopes of
the lines with a constant wet-bulb-temperature are related to the heat of
vaporization of the water required to saturate the air with a given relative
humidity. Specific volumes (m? per kg of dry air) are presented by dashed
straight-left-oblique lines with a 15-degree inclination. Note that this chart
is valid for a specific barometric pressure or elevation above the MSL. The
relative humidity lines in percent (%) are presented by solid-right-oblique
lines, curving downward, with decreasing space from the bottom to the top
and inclination that varies from 55 to 20 degrees—increasing from the left

side to right side [102].

Psychrometric charts have found extensive applications in heating and
ventilation, air conditioning, meteorology, and anywhere that finding the
properties of the gas-vapor mixtures is of interest. As a result, there are
number of visual tools that present the relationship between the properties
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presented in psychrometric charts. Figure 22 is an example of one of these
numerical tools that shows the properties of a point selected on the chart
with its corresponding data presented in the far-left table [103]. If you are
interested in a thermodynamic process or a sequence of them, you may
choose multiple processes and combine them to obtain information such as
heat flow and loads (Figure 23) [103].

Click on chart for air properties

" Orinput data for air properties
T.0ry, °C v

Quantity Value  Units

26
PAmbient 101325 Pa 25
24
T.Dry.Bulb 20948 °C !

HumidRatio  13.944  g/kg(d.a)

Rel.Humid 52.276 % -
2 %
T.Wet.Bulb 22373 °C 10 %
x
T.Dew 19.113  °C gy
-
TSaturation 22295 °C 16 S
ki
Enthalpy 65752 K/kg(d.a) 15 @
14 Z
P.Vapor 2222 Pa ol S
PSatVapour 4233 Pa 12 E
----- 11 =
Spec.Heat 1.026  kJ/(kg.K)
<& J10
Spec.Volume  0.878  m~3/kg(d.a) hy

kg/m~3

,,,,,,,

-10 -5 0 B 10 15 20 25 30 35 40 45 50
Dry Bulb Temperature, °C. Pressure = 101325 Pa

FIGURE 22 Psychrometric chart for determining the properties of the moist
air at standard atmospheric conditions [103].
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Dry Bulb Temperature, °C. Pressure = 101325 Pa

FIGURE 23 Example of the use of a psychrometric chart for determining the
properties of the moist air at standard atmospheric conditions [103].
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4.4 Weather Reports

Measuring atmospheric thermodynamic properties is the foundation
for many weather forecast applications. These applications are based on
feeding real-time data obtained from surface measurements, buoyant
objects, or radiosondes into thermodynamic relationships. The result of this
data acquisition (DAQ) and manipulation is the numerical weather forecast
information in the form of short-term and long-term weather predictions
that include clouds and weather reports, icing and turbulence conditions,
temperature and pressure data, fronts formation, and movement of fronts
over geographical areas.

Weather radars, also known as Doppler weather radars, have been
employed since the 1950s as surveillance and warning methods. The
output of a modern pulse-Doppler radar consists of three measurements
known as: (a) radar reflectivity factor (related to scattered intensity);
(b) mean Doppler velocity within the radar sampling volume (related
to the mean component of scattered motion in the radial direction from
the radar); and (c) spectrum width (related to the variability of Doppler
velocity due to the turbulence within and across the sampling volume).
Doppler velocity—the radial variation of distance between the radar and
the target with respect to time—along with the reflectivity data are used
within dedicated computer algorithms to recognize patterns, also known
as signatures, to locate precipitation as well as characterize it by identifying
its intensity, acceleration, direction, and path. These data as well as isodops
(lines of constant Doppler velocity in radars) and isoechos (lines of constant
radar reflectivity) are among the radar data that assist with identifying the
potential hazards associated with precipitation [104,105].

4.4.1 METAR

METAR is the French translation for the Aviation Routine Weather
Report based on the Federal Aviation Administration (FAA) and the
Aerodrome Routine Meteorological Report based on WMO [106]. It is
most commonly used by pilots as part of their flight planning for short or
long hauls. METAR is also employed by meteorologists to predict long-
term weather trends and forecasts. There is an ICAO standard language,
known and used internationally, for METAR reporting that consists
of raw data. There is also an easier-to-understand version that does not
require knowledge of its terminology available to less experienced weather
readers. METARs are normally issued every hour. If the conditions change
significantly between the regular reports, a special weather report (SPECI)
is issued with similar standards to those of ICAO and WMO.
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4.4.2 TAF

TAF is the acronym for the Terminal Aerodrome Forecast that is
issued every 6 hrs (or 3 hrs for military fields) starting at 0000 Universal
Coordinated Time (UTC), also known as Zulu time, for every major airfield,
applicable for a period of 24 to 30 hrs (or 3 to 30 hrs for latter) for an
area with a radius of 5 statute miles surrounding the aerodrome where the
data are published [107]. In Canada, data covers a circle with a radius of
5 nautical miles (NM) whose center coincides with that of the aerodrome.
In North America, TAF's are usually written by on-duty personnel and on-
site. However, in the United Kingdom, most TAFs are produced at the
Meteorological Office located in Exeter, except for the ones generated at
military aerodromes, which are produced on-site.

443 TIF

TTF is the acronym for Trend Type Forecast. It is similar to the TAF
and is issued by a person who is located at the associated aerodrome and is
valid for 3 hrs [108]. It is similar to the TAF and is enclosed at the end of a
METAR report. This report supersedes the TAF.

4.4.4 SIGMET

Significant Meteorological Report (SIGMET) is issued as required and
applies to all types of aircraft [109]. The two types of SIGMET are known
as convective and non-convective: (a) Non-convective SIGMET is issued in
cases of severe turbulence and icing for an area that exceeds 3,000 square
miles, or instrument meteorological conditions (IMC) due to dust, sand,
and ash covering about 3,000 square miles. These are valid for 4 hrs and are
issued as required, although the ones issued for volcanic ash and hurricanes
are valid for up to 6 hrs; (b) Convective SIGMET is issued in cases of severe
thunderstorms or tornadoes affecting over 40 percent of a 3,000 square
mile area, hail that exceeds 3/4 in diameter, or surface winds exceeding
50 kt. These are valid for 2 hrs and are issued as required.

4.4.5 PIREP

Pilot Report (PIREP) is a weather report that is relayed to the closest
ground station by the pilots after encountering unforeseen or unknown
weather conditions in flight in a format recognizable to the other pilots so
that they can make more informed decisions [110]. The ground station then
broadcasts the report to inform other pilots in the area. The submission may
also be done in electronic format. Whether relayed by radio or submitted
electronically, the report follows a special format for consistency that
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is shared internationally. There are occasions when collision of cold and
warm fronts results in sudden gusts or turbulence which are not detected
by any remote weather observation means. A UA suffix is included at the
beginning of the report to identify it as urgent.

4.4.6 AIRMET

Airmen’s Meteorological Information (AIRMET), also known as
weather advisories, are the occasional weather reports announced along
with METARs and TAF's to inform pilots of occasional weather conditions
that may jeopardize the safety of the aircraft and passengers [111]. They
are issued every 6 hrs (beginning 0145 UTC and 0245 UTC during daylight
savings and standard time, respectively) and only when an area of at least
3,000 square miles is affected. AIRMETs are less severe than SIGMETSs
and apply to icing and turbulence conditions as well as wind up to 30 kt.
The three types of AIRMETS are known as Sierra, Tango, and Zulu (STZ)
and they apply to: (a) ceilings lower than 100 ft, visibility under 3 miles, or
mountain obstructions where visibility is affected in at least 50 percent of
the area; (b) light to moderate turbulence and continuous surface winds
of up to 30 kt; and (c) light to moderate icing with freezing levels. When
the severity of SIGMET is reduced, the report changes to AIRMET and
applies to all types of aircraft.

4.4.7 IWXXM
The ICAO Meteorological Information Exchange Model (IWXXM) is
a weather report in Extensible Markup Language (XML) or Geographical
Markup Language (GML) [112,113,114]. It consists of a number of ICAO
and WMO standardized reports used in aviation, and it is not directly used
by pilots. It is designed to be used by the software that pilots use, such as
one where meteorological data are displayed.

4.5 Wind

Parcels of air in a stable atmosphere move horizontally, resisting the
vertical movements of air fronts. In unstable air, the air fronts move in a
vertical direction, either up or down depending on the currents, creating
turbulent air. Such flows of parcels of air over the Earth’s surface, chemical
elements and gases between planets, or gases and charged particles from
the Sun are known as wind, planetary wind, and solar wind, respectively.
Winds are categorized based on their magnitude, direction, sources
originating them, location they are originated from, and their effect on their
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surroundings as they occur—usually related to wind velocity (i.e., direction

and speed) and energy.

Gusts are the high-speed winds that last about 10 min or more and
change direction over an angle of 30° and a magnitude of over 10 kt. Squalls
are the winds that suddenly increase in magnitude by 15 kt to 21 kt for a
short period (about one minute to several minutes). Multiple gusts may
occur for the duration of squalls. Regular winds usually last twice as long as
squalls. Listed in the order of decreasing intensity, winds can be categorized
as: (a) tornadoes (recorded maximum gusts of 220 kt [115]); (b) hurricanes
(recorded maximum gusts of 220 kt, the longest duration of 31 days, and the
longest track of 8,250 mi [116]); (c) gales (recorded average of 52 kt); and
(d) breezes [117,118,119,120,121,122,123].

Wind is measured as a function of the altitude by radiosondes every
60 to 90 min, relayed to the surface, and reported every 60 min (METAR
and TAF), and sometimes in shorter intervals in case of special conditions.
Wind speed measurement on the ground is done using an anemometer
that consists of a vertical column and four attached cups capable of rotating
freely about the column’s vertical axis, capturing the magnitude of the
horizontal wind.

The wind vector can be described in terms of its components—
crosswind (u) and headwind (v). They are related to the magnitude (U) by
equation (77), the wind direction, and the angle between the wind and the
aircraft longitudinal axis () by equation (78)—Figure 24.

U=+u*+v (77)
180
A=——arctan (2) (78)
JT (%

As mentioned earlier, wind is an element of weather and an important
factor in aviation meteorology. It is a vector quantity; therefore, it is to be
identified by its magnitude and direction. These quantities on their own
and also in combination with other factors such as cloud levels and visibility
status are employed to evaluate aircraft airworthiness in given conditions.

Taking off into the wind (also known as headwind) is recommended, as
it expedites the buoyancy of an aircraft. Flying into the headwind reduces
the ground speed and thus increases the flight time and fuel required.
Flying with the wind—also known as tailwind—results in the shortest flight
time, and therefore less fuel is required to complete the same flight. Note



78 ° FLIGHT ScIENCE

FIGURE 24 Headwind and crosswind components and the resultant vector.
The flow model was created using the COMSOL Multiphysics®
Computational Fluid Dynamics (CFD) Module.

that the total air time (time the aircraft can stay in the air) requires the same
amount of fuel given similar performances.

The magnitude of the wind in crosswind situations is a determining
factor for a plane’s ability to land or take off safely. Tests are conducted
to predict safe crosswind magnitude when designing an aircraft. For the
Cessna 172M, the maximum demonstrated crosswind magnitude is 15 kt,
meaning that the manufacturer certifies that the aircraft is capable of taking
off and landing given this crosswind magnitude without structural damage.

In North America, wind direction is given in true north format. The
runway heading, however, is specified relative to magnetic north. To convert
the wind data into useful values for flight plans, the wind directions need
to be converted to magnetic data, and therefore magnetic variations are to
be incorporated into wind directions. A variation or magnetic declination is
the angle in degrees between the direction of the North Magnetic Pole (as
indicated by the compass needle) and the direction of the meridian passing
through the same point and going toward the geographic North Pole. On
the left side of the agonic line—where the variation is zero—the westerly
variations are to be added to the wind data, while on the right side of the
agonic line, the easterly variations are to be deducted from the wind direction
data. To help you remember when to add and when to subtract, you can
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think of the following: the Sun travels FROM east TO west. So, you subtract

the easterly variation FROM the true heading to get the magnetic one and
add the westerly variation TO the true heading to get the magnetic one.

4.6 Examples

4.6.1 Case Study — Temperature

For the case of saturated and unsaturated air using the Skew-T log-P
diagram (Figure 19), for the pressure levels provided in Table 10, determine:

(a) dry-bulb temperature, (b) dew-point temperature, (c¢) mixing ratio
in grams of moisture per kg of dry air, (d) saturated mixing ratio in grams of
moisture per kg of dry air, (e) relative humidity, () saturated vapor pressure,
(g) vapor pressure, (h) ratio of the vapor pressure to the pressure, (i) virtual
temperature, (j) potential temperature, and (k) equivalent temperature.

TABLE 10 Properties of the dry and moist air extracted from the
Skew-T log-P diagram chart in Figure 19.

Case w
P WPa=bar) | P (Pa) | RH ) | €/¢ | T ccy | T, CO | W (g/kgary_air) s
(gr/kgdry_air)
1 1,000 100.00 20.00 0.20 16.00 -7.00 2.50 12.50
2 670 67.00 36.36 0.36 -10.00 | -21.00 1.00 2.75
3 540 54.00 50.00 0.50 A1.00 | -15.00 2.00 2.50
Case w/w, RH @) | e/P [T, co| T co|T,co € (kPa) €, (kPa)
1 0.20 20.00 0.80 141.52 16.00 23.50 80.08 1.80
2 0.36 36.36 0.62 69.96 21.93 24.93 4131 0.29
3 0.80 80.00 0.76 95.21 39.52 45.52 41.19 0.27

4.6.2 Case Study — METAR - Kingston, Ontario, Canada

Interpret the following METAR published for a Canadian aerodrome
(“C”), which is equipped with the weather measuring equipment (“Y”),
located at Norman Rogers Airport (CYGK) in Kingston (Canada)
Table 11.

METAR CYGK 111300Z 19010KT 10SM FEW012 BKN250 02/M01
A3009 RMK SFICI5 SLP193=

= Location: Kingston, Ontario, Canada—CYGK.

= Date and Time: The report has been published on the 11th of the
month at 1300 Zulu time (UTC)-111300Z.
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Period of Report: The report is valid for the duration of one hour or
until the next METAR is issued.

Wind Direction and Magnitude: The wind direction is true south-south
west from 190° with the magnitude of 10 kt-19010KT.

Visibility: The visibility is 10 statute miles—10SM.

Cloud Levels and Coverage: There are few clouds at 1,200 ft AGL;
meaning the cloud coverage is between 1/8 and 2/8 at that level-
FEWO0I12. The ceiling is at 25,000 ft AGL; meaning the cloud coverage
is between 5/8 and 7/8 at that level. Ceiling is determined by the lowest
altitude of either broken or overcast cloud layer—-BKN250.

Cloud Types and Coverage (in Remarks (RMK)): Stratus Fractus clouds
with coverage of 1/8 and cirrus clouds with coverage of 5/8-SF1CI5.

Temperature: Dry-bulb temperature is 2 °C and dew-point temperature
is -01 °C-02/MO01.

Altimeter: Altimeter is 30.09 inches of mercury—A3009.
Pressure: MSL pressure is 1019.3 mbar—SLP193.

Remarks: Describes the cloud types and their levels as well as the MSL
pressure and frost information-RMK SF1CI5 SLP193.

TABLE 11 Encoded METAR data [124].

METAR CYGK 1113007 19010KT 10SM FEW012 BKN250 02/M01 A3009 RMK SF1CI5
SLP193=
METAR LOCATION DATE - TIME
CYGK - KINGSTON/ON 11 APRIL 2018 - 1300 UTC
WIND VISIBILITY RUNWAY VISUAL
190 TRUE @ 10 STAT. MILES RANGE
10 KNOTS
WEATHER CLOUDINESS TEMP / DEWPOINT
FEW CLOUDS (1/8 -2/8) 1200 FT 2C/-1C
BROKEN CLOUDS (5/8 - 7/8)
25000 FT
ALTIMETER RECENT WEATHER WIND SHEAR
30.09 IN HG

4.6.3

Case Study — TAF - Kingston, Ontario, Canada
Interpret the following TAF published for a Canadian aerodrome (“C”),

which is equipped with the weather measuring equipment (“Y”), located at
Norman Rogers Airport (CYGK) in Kingston (Canada)—Table 12.
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TAF CYGK 1113427 1114/1202 20005KT P6SM FEWO010 BKN160
PROB30 1114/1115 4SM BR BKNO009 FM111500 20010G20KT P6SM
BKNO0S8O FMI112000 21012KT P6SM -SHRA OVC030 FM112300
22012KT P6SM -SHRA OVC020 RMK NXT FCST BY 112000Z=

Location: Kingston, Ontario, Canada—CYGK.

Date and Time: The report has been published on the 11th of the
month at 1342 Zulu time (UTC)-1113427.

Period of Report: The report is valid for the duration of 1114 UTC to
1202 UTC on the 11th of the month—1114/1202.

Wind Direction and Magnitude: The wind direction is south west from
200° with the magnitude of 5 kt—20005KT.

Visibility: The visibility is over 6 statute miles—P6SM.

TABLE 12 Encoded TAF data [125].

TAF CYGK 1113427 1114/1202 20005K'T P6SM FEW010 BKN160 PROB30 1114/1115 4SM
BR BKNO009 FM111500 20010G20KT P6SM BKN080 FM112000 21012KT P6SM -SHRA
OVC030 FM112300 22012KT P6SM -SHRA OVC020 RMK NXT FCST BY 112000Z=

TAF LOCATION VALIDITY [UTC]
11 APR - 1342 to
CYGK - KINGSTON/ON 12 APR - 0200
TIMES WIND VISIBILITY WEATHER CLOUDINESS
[UTC [DEGREES ||[STAT. MILES] [FEET AGL]
TRUE]
11 APR - 1400 to 200 @ " — 1000 FEW
11 APR - 1500 5 KNOTS 16000 BROKEN
30%
PROBABILITY .
L1 APR - 1400 10 MIST 900 BROKEN
11 APR - 1500
200 @
11 APR-1500 to || 10 KNOTS l
g et 6+ NIL 8000 BROKEN
20 KNOTS
11 APR - 2000 to 210 @ || LIGHT RAIN
| 11APR 2300 | 12KNOTS | sHowER || 2C00 OVERGAST

11 APR - 2300 to 20@ TTEIT AN
12 APR - 0200 | 12 KNOTS | o+ || SHOWER " 2000 OVERCAST

REMARKS
THE NEXT FORECAST WILL BE ISSUED BY 2000 UTC ON DAY 11
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= Cloud Levels and Coverage: There are few clouds at 1,000 ft AGL,
meaning the cloud coverage is between 1/8 and 2/8 at that level-
FEWO10. The ceiling is at 16,000 ft AGL, meaning the cloud coverage
is between 5/8 and 7/8 at that level. Ceiling is determined by the lowest
altitude of either broken or overcast cloud layer-BKN160.

= The probability for the rest of the forecast is 30 percent plus minus
10 percent-PROB30 1114/1115 4SM BR BKNO009.

* Period of Report: The report is valid for the duration of 1400 UTC to
1500 UTC on the 11th of the month-1114/1115.

e Visibility: The visibility is 4 statute miles—4 SM.
e Precipitation and Frost: Mist (Brume)-BR.

* Cloud Levels and Coverage: Broken clouds at 900 ft AGL (the
ceiling), meaning the cloud coverage is forecast between 5/8 and
7/8—BKNO009.

= Time of Change of Report: From 1500 UTC on the 11th of the
month—FM111500.

= Wind Direction and Magnitude: Wind direction is from 200° with the
magnitude of 10 kt gusting 20 kt—20010G20KT.

= Visibility: The visibility is over 6 statute miles—P6SM.

= Cloud Levels and Coverage: The ceiling changes to 8,000 ft AGL (the
ceiling), meaning the cloud coverage is between 5/8 and 7/8 at that
level-BKNO0S0.

= Time of Change of Report: From 2000 UTC on the 11th of the
month—-FM112000.

= Wind Direction and Magnitude: Wind direction is from 210° with the
magnitude of 12 kt—21012KT.

= Visibility: The visibility is over 6 statute miles—P6SM.
= Precipitation and Frost: Light (-) rain (RA) showers (SH)-SHRA.

= Overcast clouds at 3,000 ft AGL (the ceiling); meaning the cloud
coverage is 8/8 at that level-OVCO030.

= Time of Change of Report: From 2300 UTC on the 11th of the
month—FM112300.
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= Wind Direction and Magnitude: Wind direction is from 220° with the
magnitude of 12 kt—22012KT.

= Visibility: The visibility is over 6 statute miles—P6SM.
= Precipitation and Frost: Light (-) rain (RA) showers (SH)— -SHRA.

= Overcast clouds at 2,000 ft AGL (the ceiling); meaning the cloud
coverage is 8/8 at that level-OVC020.

m Remarks: Gives the next forecast time as at or before 2000 UTC on the
11th of the month—-RMK NXT FCST BY 112000Z.

4.6.4 Case Study — Weather Report Time Zones

You are traveling from Kingston in Ontario (Canada) to St. John’s in
Newfoundland and Labrador (Canada) to visit your friend. Your reference
weather report (METAR) is issued at 1500 UTC for May 3. Determine the
corresponding time at your destination.

St. John’s, Newfoundland is in the Northern Hemisphere and is UTC —
(minus) 2.5 hrs. The time in which the report has been issued falls within
daylight savings time.

The longitude is at W52°45.15° W. Each 15° of longitude averages to
one time zone. Hence (W52°45.15W / 15° = 3.5W) equals theoretically to
-3.5 zones, and this number is associated with the Newfoundland time zone
(equivalent to the alpha zone presented in the NST column). Newfoundland
Daylight Time (NDT) is associated with -2.5 (UTC - 2.5 = 15 - 2.5 =
12.5=12:30 NDT).






CHAPTER

DyYNAMICS OF AIR AND FORCES

5.1

Airfoil Shape

Molecules consist of atoms, which are harmonic oscillators vibrating
in their equilibrium positions as interdependent, semi-dependent,
or independent entities. The interdependent entities are provoked
by the energy of the surrounding neighbors. Nevertheless, statistical
thermodynamic assumptions rely heavily on semi-independent or
independent particles. On the microscopic level, matter is made of
molecules and atoms. In their normal state, their molecules carry on
their task of defining the state of material—gas, liquid, or solid. Gaseous
molecules enjoy a high level of freedom due to the level of proximity
of their molecules—the space in between the molecules. They have a
longer mean free path, meaning that they can travel farther inside their
environment without colliding with other molecules. There are several
factors that can limit this freedom; for example, when the same number
of molecules are transferred to a smaller container where the volume
decreases. In thermo-fluid sciences, the Knudsen number (Kn)—the
ratio of the mean free path (/) to the characteristic length (I), the scale
of a physical system—quantifies the level of freedom enjoyed by the
molecules and hence their regime. A Knudsen number less than one
is associated with a continuum flow, a value equal to one is associated
with a slip flow, and a value greater than one defines free molecular flow.
Assuming a continuum flow passes over a wall, similar to the air flow over
a wing, the magnitude of the flow velocity adjacent to the wall is zero,
while for a slip flow (fluid viscosity is absent), this value is nonzero due to
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the formation of slip flow in the vicinity of the wall. The parabolic velocity
profile associated with the flow passing over the wall changes to a linear
profile in a free molecular flow, meaning that the flow velocity magnitude,
a nonzero value at the wall, changes linearly with increasing distance from
the wall. The previously described conditions happen within a thin layer
of the flow in the proximity of the wall called the boundary layer. The
flow is fully developed when the flow velocity equals 99 percent of the
freestream velocity at a distance away from the wall, which is called the
boundary layer thickness. The wall does not need to be a literal wall but
can be a fluid-submerged solid object of any geometry and material. In
fluid mechanics, the solid surfaces of a propeller, aircraft body, or a wing
are all treated as walls.

Any object moving inside a fluid will influence and redirect the fluid
flow and as a result will experience a force exerted upon it. The component
of this force perpendicular to the direction of motion is defined as lift. The
component of this force opposite to the direction of the motion, and thus
resisting the motion, is defined as drag. In an aircraft, it is desirable to
maximize the lift (which maximizes the plane’s ability to carry a useful load)
while minimizing the drag (which reduces the energy consumption and the
required engine power). Thus, for an aircraft’s wing cross section, a special
shape called an airfoil has been designed so as to maximize the ratio of the
lift to the drag, among other properties (Figure 25).

A straight chord line connects the leading edge to the trailing edge of
an airfoil. The leading and trailing edges are located at the points of the
highest curvature, respectively, at the front (right side in Figure 25) and
the back (left side) of the airfoil. A camber line (or mean line) also connects
the leading and trailing edges but traces along the airfoil at the midpoint
between its upper and lower surfaces. Camber quantifies the asymmetry
between the upper and lower surfaces of the airfoil. Most airfoils have a
positive camber (as shown in Figure 25). Camber is defined as the maximum
distance between the camber line and the chord line. Positive camber

CambTr bme Angle of Attack ~

)
/

Max. Thickness

_——Ta-~

Air Flow
\ V.- T,
"~ Chord Line L

FIGURE 25 Airfoil diagram (drawings created using Solid Edge CAD tool).
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means that the camber line is curved so that it is convex upward. Airfoil
which is not cambered is called symmetrical. Positive camber is added to
increase the maximum lift coefficient and thus reduce the stall speed.

Many different airfoil shapes have been developed since the dawn
of aviation. A significant contribution to this field was made in 1929 by
the United States National Advisory Committee for Aeronautics (NACA),
which developed a standard way of describing the airfoil shape as well as a
number of new shapes. The NACA number defines the airfoil shape by a
set of digits, which can vary from four up to eight digits [126]. The values of
these digits can be used in equations to generate the corresponding airfoil
shape. For example, the Spitfire, a famous World War II (WWII) British
fighter plane, used the NACA2213 profile near the wing root, transitioning
to the NACA2209.4 profile near the tip. These were at that time the latest
profiles designed to produce smoother (laminar) air flow over the wing and
thus to reduce drag [127,128,129]. Another famous airfoil profile, called
Clark Y, was designed in 1922, and was used in several famous aircraft of
that era, such as the Ryan NYP Spirit of St. Louis, flown in 1927 across
the Atlantic by Charles Augustus Lindbergh, and the Lockheed Vega, used
for the transatlantic solo flight by Amelia Mary Earhart [130]. The Boeing
777 or a similar category aircraft does not use particular NACA airfoils.
These companies perform numerous analyses using Computational Fluid
Dynamics (CFD) methods in order to determine the wing profiles that
generate the greatest lift force with minimum drag for the specific aircraft
while complying with the structural integrity requirements. The wings
they design are usually an amalgamation of different airfoils with changing
rotation from the wing root to tip.

5.2 Angle of Attack

Bernoulli’s law is applicable to the air flow around an airfoil. The law
states that the combination of pressure head and kinetic energy at any
location within the flow is constant. Thus, if the air flow is faster on one
side of the airfoil versus the other, it will have greater kinetic energy, and
as a consequence there will be lower pressure head there. The difference
between the pressures at the upper and lower surfaces will contribute to
the lift force. The same law also explains why low pressure is generated in
a venturi tube, where the air flow is accelerated by progressively reducing
the flow cross section.

Another way to explain the lift force is by considering that the wing
deflects the airflow downward. This gives the air a vertical velocity that it
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did not have before impacting the wing. Added velocity means the air was
accelerated and, according to Newton’s third law, a force that produced that
acceleration had to also apply in the opposite direction on the wing. The
magnitude of this force can be estimated using Newton’s second law, which
states that the force equals the rate of change of momentum (F =mo),
where (0) is the time derivative of velocity (i.e., acceleration) and equals
the rate of change in velocity over time.

Both lift (F;) and drag (F),) forces on the wing moving through the
air are proportional to the wing area (A), air density (p), the square of
the relative wind velocity (v), and a coefficient of lift (C,) or drag (C,,), as
appropriate—as in equation (79).

2 2
F, = CLA%’ and F = CDA% (79)

The lift and drag coefficients are both affected by the angle of attack
of an airfoil (Figure 25). Angle of attack (AOA) is the angle between the
airfoil’s velocity vector and its chord line. An example of the relationship
between AOA and the lift and drag coefficients is shown in Figure 26 for
the Clark Y airfoil profile.

The lift coefficient is linearly related to the angle of attack over a
significant range. Typically, airfoils with a positive camber will generate
nonzero lift at a zero angle of attack (as seen in Figure 26). Reducing the
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FIGURE 26 Example of lift and drag curves versus the angle of attack for the
Clark Y airfoil design at an aspect ratio of 6 (raw data extracted from [131]).
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angle further will result in the zero-lift condition at a negative AOA. As the
AOA is increased, the lift coefficient will eventually reach a maximum value
beyond which it will start decreasing. The angle of attack where maximum
lift is generated is called the critical angle of attack. Its value is typically
about 15° and is independent of the weight of the aircraft or the power.
When this angle is reached, the wing is considered to have reached the stall
condition.

At normal cruise speeds, the aircraft is designed to operate close to a
minimum drag point with an AOA of 2° to 3°. The aircraft’s pitch angle at
cruise will also be affected by the angle of incidence, which is the angle
between the airfoil’s chord line and the aircraft’s longitudinal axis. It is
thus a fixed feature, a part of the aircraft design. If the aircraft speed is
reduced, the air stream speed around the wing reduces as well, and this
leads to less lift being generated, the lift being proportional to the square
of the airspeed, as in equation (79). To keep the aircraft in balance with the
weight, the angle of attack needs to increase to maintain the same lift with
reduced airspeed. However, this only works up to the critical AOA. Beyond
this angle, the lift force decreases sharply. This point is the threshold of
the stall. A buffeting sound may be heard and vibrations may be felt at the
onset of the stall. Beyond the critical angle of attack, separation of airflow
begins at the leading edge and progresses to the trailing edge of the wing
if the angle is not reduced. When in flight, this is experienced by feeling
sluggishness—also known as sloppy or mushy response—of the controls
accompanied by the stall horn warning sound. An increased load factor
increases the stall speed and that is why the approach speed needs to be
increased to compensate for the wind gusts or for greater aircraft weight.

The wings are usually designed so that the stall starts from the wing
root (inboard portion of the wing) and continues to extend to the wing tip.
This is achieved by designing the wings so that their angle of incidence
decreases from the wing root to the tip. As the ailerons are located in the
outboard section of the wing, this helps the pilot to retain some roll control
at the onset of the stall, minimize the chance of entering into a spin, and
thus recover from the stall faster. This characteristic of the aircraft design
is called wash-out (decrease of the angle of incidence from the root to the
tip—e.g., CF-18 Hornet) or wash-in (increase of the angle of incidence
from the root to the tip—e.g., X29).

In some cases, wing twist may be due to the wing deflection caused by
compressibility effects when the wing structure is not sufficiently stiff to
resist bending by the flow passing over it. Insects are examples from nature
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equipped with this aerodynamic feature. Wing twist is also known as Sutter
twist after Joseph Frederick Sutter, an American engineer, the head of the
Boeing 747 program, who promoted the idea of one of his engineers, Jim Hoy,
in 1966 to address the high-load distribution at the outboard area of the 747s
wing. Analysis showed that partially twisting the outer wing after the outboard
engine pylon versus twisting the entire wing would provide 80 to 90 percent
of the lift distribution, results they would have obtained if the entire wing
were to be twisted by about 3°. This redesign was in response to the claims
by the Boeing 727 and Boeing 737 program heads (directed by management
to remedy the Boeing 747 wing problem) that the wing was “unsalvageable.”
If the entire wing had to be redesigned, the whole 747 program and possibly
the company would have been jeopardized, considering that Boeing had its
finances stretched to the limit at that time [132].

If the incipient stall is not quickly addressed by pushing forward the
controls (down elevator to reduce the angle of attack), a spin may ensue,
which is the autorotation of the aircraft to its left or right during which
both wings stall. Since the control surfaces such as ailerons are not very
responsive during the spin, the most responsive controls (opposite rudder
to the spin rotation) is to be applied first to stop the spin (with a neutral
control column) and then the yoke/stick is to be pulled back gently to
reduce the airspeed as needed.

For a single-propeller aircraft, another consequence of increasing the
angle of attack is that the thrust on one side of the propeller increases,
and as a result the aircraft tends to yaw more to the left. In other words,
the propeller blade with a higher angle of attack (descending or moving
downward on the right side) creates additional thrust compared to the one
on the left (ascending or moving upward on the left side). Note that in
single-engine aircraft, the propeller normally rotates clockwise when seen
from the cabin. However, in a multi-engine propeller-driven aircraft, the
propellers may rotate in the same direction or the opposite direction, and
that not only affects the load factor of the aircraft during the takeoff and
landing but also flight characteristics of the aircraft after losing an engine,
making it more sensitive to the loss of the left engine (critical engine) versus
the right one due to the adverse effects of the asymmetric thrust and larger
yawing moment generated by the functioning right engine. The slipstream
creates similar effects on the load factors. When power is reduced, the
elevator’s downwash is reduced and so is the elevator effectiveness. The
prop blast affects this load interaction as well, since it influences the angle
of incidence of the horizontal stabilizer.
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Note that the drag coefficient is a surjective function—meaning that
instead of finding one dependent, f(x), variable for every independent
variable (x), as expected for an injective function, two or more variables are
obtained for the dependent variable. For an aircraft, increasing the velocity
decreases the lift-induced drag; however, this increases the parasite drag.
Both curves meet at a point—also known as the optimum point—where
the total drag is at its minimum value. To the left and right of this optimum
point, the aircraft speed is lower and higher, respectively, and you find
two different speeds producing the same total drag. That makes the total
drag curve versus the aircraft speed a surjective function; on the contrary,
individual lift-induced and parasite drag diagrams versus the aircraft speed
are injective functions (Figure 27).

Parasite
Drag

Lift
Induced

>V

>

FIGURE 27 Drag coefficient versus the velocity.

5.3 Forces in Flight

Aerodynamic forces applied to an aircraft at different locations may be
simplified by one force applied to a point on the aircraft, which is called the
Center of Pressure (COP). The COP changes as the angle of attack changes
and as the aircraft performs different maneuvers. In other words, aircraft
aerodynamic balance is affected. One can also imagine replacing all the
forces due to the weight in a straight-and-level flight with one force applied
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at a single point on the fuselage—known as the Center of Gravity (COG).
You can visualize this as the aircraft being suspended by a rope attached at
the COG and staying horizontal.

The COG depends on the payload and therefore varies for each flight;
during the flight it may also shift to some extent due to the reduction of
fuel weight. The relative location of the COG with respect to that of the
pressure or lift determines the longitudinal stability: the COG in front of
the COP presents positive stability (Figure 28, left) while their colocation
or rearward position of the COG presents neutral or negative stability,
respectively (Figure 28, right). The latter case is particularly undesirable,
as it makes it harder to recover from stalls and spins. Other aspects of
aircraft design affect the stability as well. For example, dihedral wings (i.e.,
those shaped like a very shallow “V” when looking from the front) increase
lateral (roll) stability (Figure 29). An aircraft is easier to control and tends
to become stable after the source of its destabilization is eliminated.
A neutrally stable aircraft keeps the condition at which it was left after the
source of destabilization is eliminated. A negatively stable aircraft does
not return to its original stable condition when the stability disturbance is
removed.

During a straight-and-level flight, the weight and lift are equal and so
are the thrust and drag. When in a coordinated turn, the aircraft banks
(rotates about the roll axis). This causes the lift force to turn away from
the vertical-axis by the angle of the bank. You can resolve the lift force
vector into the vertical component balancing the weight and the horizontal
component causing the aircraft to turn by creating a centripetal force
pointing toward the turn center (Figure 29). Thus, the wing load for an
aircraft of weight W and at 6 degrees angle of bank is given by F = W/Cosf =
WSech. For example, solving for an aircraft weight of 3,000g N (where g
is the gravity acceleration) and an angle of bank of 15°, the required lift
is 3,105.8¢ N. Assuming that the same aircraft structure can tolerate a

FIGURE 28 The relative location of the COG with respect to the COP or lift:
(a) the COG in front of the COP (left), (b) the COG behind the COP (right)
(drawings created using Solid Edge CAD tool).
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FIGURE 29 Front view of dihedral shallow V-shaped wings to increase lateral (roll)
stability (drawings created using Solid Edge CAD tool).

load factor up to 1.5, a maximum wing load of 4,500g N is obtained, which
corresponds to the angle of bank of 48.2°.

A powered aircraft moves forward only when the thrust generated by
the engine can balance the drag. If the forces are equal, the aircraft does
not experience any acceleration; it moves in a straight line at a constant
speed. The engine power required to provide the thrust force (F;) can be
roughly estimated by applying the relationship which says that power (P) is
the product of force and velocity (v) at which the body to which the force
is applied is moving—P/v. Reducing the thrust to zero makes a plane into
a glider. To fly, the component of the gravity force (weight) is to balance
the drag. The pitch of the aircraft is then to be adjusted so as to generate
enough of this component for sufficient lift.

The balance of forces for straight-and-level flying aircraft is depicted
in Figure 30. The thrust force is balanced by and equals the drag force, as
in equation (80). The lift force is mostly balanced by the weight, as in
equation (81). Note that for the case of the COG forward of the COP,
there must be an additional small downward force generated at the elevator
position to balance the moment between the gravity force and the lift force.

P
——+F,=0 (80)
(%

F,—mg—F 0 =0 (81)

elevator
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FIGURE 30 Forces acting on the aircraft during a straight-and-level flight
(drawings created using Solid Edge CAD tool).

An aircraft in a positive pitch attitude is shown in Figure 31. Note
that even though the aircraft is pitched up, it does not mean that the AOA
is high. It is important to remember that the AOA is with respect to the
relative wind, not the horizontal plane. If the aircraft is climbing, its AOA
will likely be greater than that in level flight, but it will not be equal to the
pitch angle.

The thrust force in this case needs to balance the drag and the compo-
nent of the weight parallel to the direction of motion, as in equation (82).
The lift force balances the component of the weight perpendicular to the

Air Flow

F,=W=mg

FIGURE 31 Forces acting on the aircraft during a climb
(drawings created using Solid Edge CAD tool).
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direction of motion plus a small elevator force equation, as in (83). The
net force in both directions should be near zero if the aircraft is flying at a
steady speed (even while it is climbing).

P
——+mgSinf + F,, =0 (82)
v

F;, —mgCost — F,

elevator — 0 <83>

An aircraftin a negative pitch attitude (nose down) is shown in Figure 32.
In this attitude, there will be a component of the weight parallel to the
direction of motion (mgSin@), which can compensate for a fraction of drag
force (in a powered case) or all of the drag (for a glider), as in equation (84).
The weight component perpendicular to the motion direction will balance

the lift force, as in equation (85).

P
—+mgSinf — F, =0 (84)
v

F, —mgCost —F,

=0 (85)
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FIGURE 32 Forces acting on the aircraft during a descent
(drawings created using Solid Edge CAD tool).

Table 13 summarizes the forces acting on the aircraft for the three types
of straight flight: level, ascent, and descent. Drag (C,)) and lift coefficients
(C,) are required to calculate the forces of drag (F,) and lift (F,). These
coefficients can be obtained using the correlation factors from wind tunnel
experiments or by calibrating numerical results from CFD analysis using
experimental data.
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TABLE 13 Flight types along with drag and lift forces.

Drag Force Lift Force
Flight Type Vv Vv
F=c,2 4| F=c2Z 4
2 2
P
Straight-and-Level - mg+ Fe}evazor
v
P .
Climb/Ascent —— mgSmQ mg Cos0 + Eglevazor
v
P .
Descent =t mgSlVla mgCOSH + F:zlevalor
v

5.4 Examples

5.4.1 Case Study — Drag and Lift Coefficients

Wind tunnel experiments were performed to find the lift and drag
forces of an aircraft at its cruising speed at standard atmospheric conditions.
Data are presented in Table 14 and Table 15.

The forces then were used to calculate the lift and drag coefficients
using wing surface area as the reference surface. The average drag
coefficient results are curve-fitted into a quadratic relationship
C,, =0.0628C; +0.0484 plotted in Figure 33. Using this relationship
(y = ax +¢), derive a quadratic equation for drag coefficient C, and identify
coefficients of a, b, and ¢ for three given scenarios where the Angle of
Attack (AOA) varies from from 0° to 30°. Using the data presented in Tab