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Ghana’s new Senior High School Curriculum aims to ensure that all learners
achieve their potential by equipping them with 21st Century skills, knowledge,
character qualities and shared Ghanaian values. This will prepare learners to
live a responsible adult life, progress to further studies and enter the world of
work. This is the first time that Ghana has developed a Senior High School
Curriculum which focuses on national values, attempting to educate a
generation of Ghanaian youth who are proud of our country and can contribute
effectively to its development.

The Ministry of Education is proud to have overseen the production of these
Learner Materials which can be used in class and for self-study and revision.
These materials have been developed through a partnership between the Ghana
Education Service, teacher unions (Ghana National Association of Teachers-
GNAT, National Association of Graduate Teacher -NAGRAT and the Coalition
of Concerned Teachers - CCT) and National Subject Associations. These
materials are informative and of high quality because they have been written
by teachers for teachers with the expert backing of each subject association.

I believe that, if used appropriately, these materials will go a long way to
transforming our Senior High Schools and developing Ghana so that we
become a proud, prosperous and values-driven nation where our people are
our greatest national asset.

Haruna Iddrisu MP

Minister for Education
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CLIMATOLOGY

Aerodynamics and Propulsion

INTRODUCTION

Aeroplanes require an airstream flowing around them to fly. This airstream, however,
is subject to the ambient weather conditions of the location where the aeroplane flies.
Due to this, it is important for civil aviation bodies, airline operators and pilots to
know the weather conditions of their flight route locations. The need for knowledge
of weather has also been reinforced by some previous aircraft incidents and even fatal
accidents whose causes were traced to poor weather conditions. This section covers
the weather elements, the instruments used to measure them and how these weather
elements affect air travel. It also discusses how atmospheric conditions change with
altitude and how these changes affect the performance and operation of aeroplanes. At
the end of this session, you should be able to identify and measure weather elements
using appropriate instruments. Then, explain the impact of weather elements on flight
and also, explain the impact of altitude on the state of the atmosphere.

Key ideas

« Adverse weather conditions can cause aircraft incidents and fatal accidents.

« Civil aviation organisations and airline operators rely on meteorological service agencies
to provide them with accurate weather forecasts to aid in flight planning.

« The altitude at which an aircraft operates affects its performance.

« Weather forecast is a major contributor to flight planning in the aviation industry.

WEATHER AND ITS DEFINING ELEMENTS

The Earth’s surface is surrounded by layers of gases. These layers of gases make up the
atmosphere. From elementary earth science, we know that the Earth rotates about its
axis while revolving around the Sun. We also know that the earth is spherical, and its
axis of rotation is tilted. Due to factors like the spherical shape of the Earth and its axial
tilt, the Earth’s rotation and revolution and geographical features (like mountains, hills,
valleys and waterbodies) on the Earth’s surface, the Earth’s surface experiences uneven
heating by the Sun which results in different atmospheric conditions on different
parts of the Earth’s surface. As shown in Figure 1.1 below, it can be seen that due to
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the spherical nature of the Earth, the areas around the equator receive the Sun’s rays
directly, while the areas close to the north and south poles receive the Sun’s rays at a
low angle of incidence. This makes the regions around the equator warmer than the
regions around the poles.
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Figure 1.1: Uneven heating of the Earth (Factors affecting Climate)

These atmospheric conditions observed within a short period of time is called weather.
The weather conditions in a particular geographical location can change within a day
or even an hour. On the other hand, climate is the state of the atmosphere observed
over a long period of time. A change in climate conditions in a particular geographical
location can only be observed after the collection of the weather data of that location
over long periods of time, usually spanning over two or three decades. Weather and
climate deal with the same thing, with the only major difference being the time frame
within which they are observed.

Elements of Weather

To describe the weather conditions in a geographical location, we often look out for
certain features that characterise the weather conditions. For example, we could say
it is often sunny in the Northern parts of Ghana while the forest areas receive rainfall
frequently. Using the features of rainfall and sunlight, we are able to give a glimpse of
the weather conditions in these areas in Ghana. These features, observable physical
features that characterise the weather conditions in a particular area, are called weather
elements. Besides rainfall and sunlight, the weather in a geographical location can
be further described by elements like humidity, visibility, temperature, atmospheric
pressure, cloud cover, wind speed and wind direction. Some of these major weather
elements are explained below.

1. Temperature: This refers to how hot or cold the surrounding air is. It is due
to the kinetic energy in the air molecules. Temperature is measured using an
instrument called a thermometer. Thermometers may be digital or liquid-in-glass.
Temperature is measured in degrees Celsius (°C), Kelvin (K) or Fahrenheit (°F).


https://scientiafantastica.wixsite.com/scientiafantastica/single-post/2017/12/18/Factors-affecting-Climate
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Attach the thermometer to a structure or pole in a shaded, ventilated area. If
using a liquid-in-glass thermometer, hang it securely to avoid breakage. Give the
thermometer a few minutes to adjust to the outdoor air temperature before reading.
Digital thermometers may adjust more quickly, while traditional thermometers
may take a longer time (about 10 minutes).

Figure 1.3 Digital thermometer (Wind and Weather Outdoor thermometer)

Precipitation:

Precipitation forms a very important part in shaping the weather patterns of a
geographical location. It refers to any form of water (whether liquid or solid)
that falls from clouds to the Earth’s surface. A large portion of the Earth’s surface
is covered with water. As the Sun’s rays heat the Earth, the water evaporates,
rises and cools to form clouds. When these clouds become too heavy to remain
suspended in the air, they fall back down to the Earth. Precipitation may take
different forms depending on the prevailing weather elements in a geographical



https://discover.hubpages.com/living/How-to-Fix-a-Fridge-That-Isnt-Cold-Enough
https://images.app.goo.gl/Eqiu5o9VaBqFw39r9
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area. Precipitation may be in the form of rain, snow, sleet, hail, drizzle or freezing
rain.

Figure 1.4: Forms of Precipitation (What Is Precipitation - Its Types. And Forms)

The most prevalent type of precipitation in Ghana is rain. Rainfall is measured using
an instrument called a rain gauge. Rainfall is measured in millimetres (mm) of depth
over a specific area.

To use a rain gauge, place it in an open area away from trees, buildings and other
structures that could block or deflect rainfall. Make sure that the rain gauge is placed
on a stable and level surface. After rainfall, check the water level in the rain gauge.
Read the measurement scale at eye level and note the amount in millimetres. Take note
of the time and date.

Figure 1.5: Rain Gauge (Rain Gauges For Home Use - How A Rain Gauge Can Be Used In The Garden
Gardening Know How)

3. Atmospheric Pressure:
Atmospheric pressure, also known as air pressure, is the force exerted by the
weight of the air above a given point on the Earth’s surface. It influences wind,
temperature and precipitation. Understanding atmospheric pressure is essential for



https://dailycivil.com/what-is-precipitation-its-types-and-forms/
https://www.gardeningknowhow.com/garden-how-to/watering/using-rain-gauges.htm
https://www.gardeningknowhow.com/garden-how-to/watering/using-rain-gauges.htm
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weather forecasting as it affects the movement of air masses and the development
of weather systems. The instrument used for measuring atmospheric pressure
is called a barometer. Atmospheric pressure is measured in millibars (mbar) or
inches of mercury (inHg). At mean sea level, the atmospheric pressure is about
1013.25 mbar or 29.92 inHg.

Figure 1.6: A Barometer (Fischer Precision Aneroid Barometer)

Humidity: Due to the heating of water bodies on the Earth’s surface, there is
usually some amount of water vapour in the atmosphere. The amount of water
vapour present in the atmosphere is known as humidity. Humidity is a key factor
in weather as it affects both temperature and precipitation. Humidity is often
expressed in two forms: absolute humidity, which is the total amount of water
vapour in a given volume of air, and relative humidity, which is the percentage
of water vapour in the air relative to the maximum amount the air can hold at a
given temperature. A hygrometer is used to measure relative humidity.

Figure 1.7: A hygrometer (Hygrometer insert movement 70mm diameter available in a choice of colour. -

Time & Weather Instruments)



https://www.starpath.com/fischer/PAB103.htm
https://clocksandbarometers.com/product/hygrometer-insert-movement-70mm-diameter-available-in-a-choice-or-colour-2/
https://clocksandbarometers.com/product/hygrometer-insert-movement-70mm-diameter-available-in-a-choice-or-colour-2/

SECTION 1

CLIMATOLOGY

Wind:

Wind is the movement of a large mass of air from one place to another. Due to the
uneven heating of the Earth’s surface, there are variations in atmospheric pressure
at different points of the Earth’s surface. Some regions have high atmospheric
pressure, and other regions have low atmospheric pressure. In nature’s attempt to
balance this pressure gradient (that is, the difference in air pressure), air moves
from the regions of high atmospheric pressure to regions of low atmospheric
pressure. The higher the pressure gradient, the stronger the wind speed. Wind
speed is measured in metres per second (m/s) or kilometres per hour (km/h). The
instrument for measuring wind speed is an anemometer.

Figure 1.8: Anemometer (File:Anemometer.jpg - Wikimedia Commons)

As well as wind speed, it is often desirable to know the direction of prevailing
winds. A wind vane is the instrument used to indicate the wind direction.

Figure 1.9: A wind vane (File:Wind vane 05643.jpg - Wikimedia Commons)

Visibility: Visibility in weather refers to the distance at which objects can be
seen and recognised. It is important for driving and aviation safety, especially
during take-off and landing. Poor visibility has been a cause of some fatal aviation
accidents. The unit of measurement of visibility is feet or metres. It can be
measured by sensors or by visual inspection. Consider the image below. Visibility


https://commons.wikimedia.org/wiki/File:Anemometer.jpg
https://commons.wikimedia.org/wiki/File:Wind_vane_05643.jpg
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has been severely reduced due to fog. This condition can be dangerous to both the
driver and the pedestrian.

Figure 1.10: Poor visibility

Cloud cover: When water evaporates from oceans and inland water bodies, it
becomes gaseous and the water vapour rises upward. As it rises upwards, it cools
down and condenses to form clouds. Cloud cover refers to the fraction of the sky
covered by clouds at any given time. It is an important meteorological parameter
that affects weather patterns, temperature, and sunlight reaching the Earth’s
surface. Cloud cover is typically expressed as a percentage, ranging from 0% (clear
sky) to 100% (completely overcast).

Figure 1.11: Partial Cloud Cover

Sunshine:

This is the radiation from the Sun that we receive here on Earth in the form of light
and heat. Sunshine is one of the major determinants of the weather conditions in
a geographical location. The duration and intensity of sunlight that a particular
region receives inform its temperature and general weather patterns. It is therefore
important to be able to measure the intensity of sunlight and how long an area
receives sunlight during the day. The instrument for measuring the amount of
sunlight a geographical area receives is a sunshine recorder.
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Figure 1.12: Sunshine recorder

Activity 1.1

Measuring Rainfall Using a Rain Gauge
1. Research on how a rain gauge is used to measure the amount of rainfall.

2. Visit a local weather station with your teacher to learn about the different
elements of weather and how they are measured. Join a discussion after the
visit to share your experiences with your classmates.

3. In a group of your classmates, measure the rainfall, wind speed and direction.

4. Using a laboratory thermometer, measure the ambient temperature on a
particular day at the following times:

Table 1.1: Temperature recordings

Time Temperature (°C)

8:00 am

12:00 noon

4:00 pm

In pairs, use locally available materials to construct a simple wind vane.
Proposed materials:

Pencil, straw, cardboard, glue, paper, pieces of wood, etc.

Safety Precautions

a. Do not directly inhale the smell of glue being used.
b. Use the right tool for the right task.

c. Use appropriate personal protective equipment.

d. Be careful when using sharp tools.

e. Observe proper safety standards.
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Watch videos online on how to make a simple wind vane for a more visual guide.

Self-Assessment

Fill in the table below with weather elements and their respective measuring
instruments.

Weather Element Instrument
Rainfall

Thermometer
Wind speed

Wind Direction

Sunshine

Humidity

Barometer

HOW WEATHER AFFECTS AIR TRAVEL

Weather plays a very important role in flight planning and performance. It has a direct
impact on safety, efficiency and passenger comfort. Airline operators carefully consider
weather reports during flight planning to ensure safe flight operations. Below are some
weather factors and how they affect flight planning and performance:

1. Wind: Headwinds (winds blowing against the direction of flight) can slow the
aircraft down, increasing fuel consumption and extending travel time. Tailwinds
(winds blowing in the same direction as the aircraft) help reduce travel time and
save fuel. Winds blowing perpendicular to the runway pose challenges during
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take-off and landing, requiring skilful handling by pilots to avoid drifting off
course. These types of winds are known as crosswinds.

Figure 1.13: An aeroplane landing in a crosswind (Pilot explains crosswinds landing | CNN)

Pilots and dispatchers consider prevailing wind conditions when selecting flight
routes, opting for paths that minimise headwinds or take advantage of tailwinds.
Wind conditions influence fuel burn rates. Headwinds can require more fuel,
while tailwinds may reduce fuel needs.

Visibility: Good visibility is very important in air travel, especially during take-
off, landing and low altitude flight. Reduced visibility affects the pilot’s ability to
see runways, obstacles, or other aircraft, making take-off and landing particularly
challenging. Poor visibility may require the use of precision instrument landing
systems (ILS). Pilots may need to divert to alternate airports if the destination has
poor visibility, especially if it lacks advanced instrument landing systems. This
may cause scheduled flights to be delayed. Poor visibility could be due to fog, rain
or snow. This necessitates the use of Instrument flight rules, where pilots rely on
aircraft instruments to navigate. Visual flight rules, which allow pilots to navigate
by sight, are only possible when visibility is good.

Figure 1.14: A foggy runway (Foggy morning causes flight delays, cancellations at Auckland Airport

Newshub)

Precipitation: Precipitation in the form of heavy rain can reduce visibility and
affect runway conditions, leading to hydroplaning during take-off and landing.
In very cold regions, snow accumulation on runways or aircraft surfaces can
severely impact performance. Ice built up on wings and control surfaces reduces
lift and increases drag, potentially causing dangerous stalls. Anti-icing and de-
icing procedures may be necessary in such conditions.



https://edition.cnn.com/2012/01/11/travel/plane-landing-crosswinds/index.html
https://www.newshub.co.nz/home/new-zealand/2021/07/foggy-morning-causes-flight-delays-cancellations-at-auckland-airport.html
https://www.newshub.co.nz/home/new-zealand/2021/07/foggy-morning-causes-flight-delays-cancellations-at-auckland-airport.html
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Figure 1.15: Ice formation on aircraft wing (NTSB Calls For FAA, GAMA To Work On New Aircraft Icing

Alert System - Disciples of Flight)

In the case where the precipitation is in the form of hail, severe damage could be
caused to aircraft structures and installations, leading to diversions, delays or even
flight cancellations.

Turbulence: Turbulence occurs when irregular air currents disrupt the smooth
flow of air, causing the aircraft to experience sudden, unpredictable movements.
It affects flight by causing discomfort to passengers and can make control of the
aircraft more challenging for pilots.

Thunderstorms: Thunderstorms can produce severe turbulence, strong
winds and wind shear, which are dangerous to aircraft and cause discomfort
to passengers. Lightning strikes associated with thunderstorms though rarely
catastrophic, can cause damage to aircraft electrical systems or minor structural
issues. Thunderstorms are typically avoided. Pilots use weather radar to detect
and avoid storms or request for alternative routes.

Temperature:

An increase in air temperature reduces the density, which leads to a decrease in
the lift force that a wing generates as will be shown in the next session. Decreased
air density also affects engine performance. On the other hand, colder air improves
engine efficiency and the higher density associated with colder air improves lift
generation. However, extremely low temperatures can cause ice formation on
the leading edge of wings and tail, engine nacelles and nose of the aircraft which
disrupts the airflow around the aircraft leading to reduced aerodynamic efficiency.
Low temperatures also have adverse effects on fuel and hydraulic systems.



https://disciplesofflight.com/ntsb-aircraft-icing-alert-system/
https://disciplesofflight.com/ntsb-aircraft-icing-alert-system/
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Figure. 1.16: Ice formation on engine inlet

Cloud cover:

Dense cloud cover can obscure the terrain, requiring instrument flight rules and
increasing reliance on instruments for navigation and landing. Flying through
thick clouds increases the chances of experiencing turbulence and icing. Flight
routes may be adjusted to avoid heavy cloud formations that could result in
turbulence or icing.

p—

Figure 1.17: Aircraft flying through heavy cloud cover

Weather significantly impacts flight planning and performance, influencing route
selection, fuel consumption, safety protocols, and even passenger comfort. Proper
pre-flight weather analysis and continuous monitoring during flight are crucial for
safe and efficient operations. By anticipating and responding to adverse weather
conditions, pilots can make informed decisions that mitigate risks and enhance
the overall safety of air travel.

The Ghana Meteorological Agency provides the Ghana Civil Aviation Organisation
and airline companies with weather forecast data to aid in their flight planning
and operations. If adverse weather conditions are expected, an alternative flight
route may be used, or the aircraft may need to land at the nearest airport until
weather conditions become convenient for flight.
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Activity 1.3

Impact of Weather Elements on Flight

1. Watch video documentaries on the Tenerife air crash incident that occurred
on 27 March 1977 and document your findings. (https://www.youtube.com/
watch?v=wpQE171iK7A)

2. Join a group of your classmates to discuss the elements of weather that you
have experienced within your communities.

3. In your group brainstorm the impact of weather elements on flight.

4. In your group also discuss the role of the Ghana Meteorological Agency in
fostering safety in air travel.

5. Research the air crash incident of Allied Air Boeing 727-221F cargo aircraft at
Accra on 2™ June 2012. (https://www.baaa-acro.com/crash/crash-boeing-727-

221f-accra-10-killed) Write a short essay on how adverse weather conditions
may have contributed to the incident.

Activity 1.4

Self-Assessment

What precaution(s) must a pilot take when flying in icy weather conditions?

Structure of the Atmosphere

The Earth’s atmosphere is in layers, with each layer having different features from the
others. Let us now consider each layer and look at their features.
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Figure 1.18: Layers of the Atmosphere



https://www.youtube.com/watch?v=wpQE17liK7A
https://www.youtube.com/watch?v=wpQE17liK7A
https://www.baaa-acro.com/crash/crash-boeing-727-221f-accra-10-killed
https://www.baaa-acro.com/crash/crash-boeing-727-221f-accra-10-killed
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Troposphere: This is the layer of air closest to the surface of the Earth. It is where
all life and weather phenomena like clouds, precipitation and wind occur. It is
relatively dense compared with the other layers of the atmosphere and contains
about 75% of the atmosphere’s mass and most of the water vapour. It is made up
of gases like Nitrogen, Oxygen, Argon, Carbon Dioxide and water vapour.

The Troposphere begins from the Earth’s surface up to about 8 - 15
km, depending on the latitude. The thickness of the troposphere is not
uniform over the entire Earth’s surface. It is generally thicker at the
equator due to warmer air rising more forcefully and thinner at the poles,
where the air is cooler. Most flight operations occur in the troposphere.
Pressure decreases with altitude in the troposphere. At sea level, the air pressure is
around 1013.25 hectopascals (hPa). However, the pressure can be as low as 200hPa
at the top of the atmosphere.

Air density also decreases with altitude in the troposphere. This means the air
is “thinner” at high altitudes. At higher altitudes, due to the lower air density,
the aircraft needs to achieve a higher ground speed to generate enough lift. This
requires a longer runway for take-off. In simple terms, the aircraft must accelerate
to a higher speed before it can leave the ground, and this takes more time and
distance.

Engine performance is also affected by altitude. Aircraft engines require an air
intake to generate thrust. At higher altitudes, they take in less air due to the low
air density at high altitudes. This results in reduced engine thrust. This may result
in reduced payload capacities for aircraft taking off from high altitudes. The
tropopause marks the boundary between the troposphere and the stratosphere
(which is the layer above the troposphere).

Stratosphere: Above the troposphere is the stratosphere. It begins from the
tropopause to an altitude of about 50 km. Unlike the turbulent and weather-
prevalent nature of the troposphere, the stratosphere is more stable and plays a
crucial role in protecting the Earth.

One of the defining features of the stratosphere is that temperature increases with
an increase in altitude, contrary to that of the troposphere, where temperature
decreases with an increase in altitude. This increase of temperature with altitude
is basically due to the presence of the ozone layer in the stratosphere, which
absorbs ultraviolet (UV) radiation from the Sun and converts it into heat, warming
the stratosphere.

The ozone layer is located within the stratosphere, generally between 20 and 30 km
above the Earth’s surface. It is one of the most crucial features of the stratosphere
and plays a vital role in absorbing and filtering out harmful ultraviolet (UV)
radiation from the Sun.

Without the ozone layer, more UV radiation would reach the Earth’s surface,
leading to severe health and environmental consequences. The topmost part of
the stratosphere is called the stratopause.

Mesosphere:
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This is the third layer of the atmosphere. It sits directly above the stratosphere and
extends from approximately 50km to about 85km above the Earth’s surface.

Temperature in the mesosphere decreases with increasing altitude. This layer has
the coldest temperatures. The uppermost part of the mesosphere has temperatures
reaching below -90°C.

The air density in the mesosphere is extremely low. Air pressure is very low in the
mesosphere. The air density decreases as you go higher through the mesosphere.

One of the most fascinating phenomena of the mesosphere is that it is here where
meteors burn up as they enter the Earth’s atmosphere.

a. When a meteor (often called a shooting star) enters the Earth’s atmosphere
at high speeds, it encounters increasing friction with air molecules in the
mesosphere.

b. This friction causes the meteor to heat up and disintegrate before reaching the

surface.

c. The mesosphere thereby acts as a protective shield, preventing most meteors
from reaching the Earth’s surface and causing damage.

Figure 1.19: A burning meteor (NASA releases photo of a meteor blazing across Nevada skies)

Thermosphere: The thermosphere is the fourth layer of the atmosphere, located
above the mesopause. It extends from approximately 85km to around 600km above
the Earth’s surface. The thermosphere is named after the Greek word “thermo”,
which means heat. Temperatures in this layer can soar up to extremely high
levels. Temperature increases with altitude in this layer. At its lower boundary,
the temperature is still low; however, as you ascend, the temperatures reach up
to over 500 to 2000 °C. Air pressure in the thermosphere is extremely low—just
a tiny fraction of what it is at sea level. This means that although temperatures
are high, the thermosphere does not have enough density to generate pressure
or significant resistance for objects moving through it. The International Space
Station can be found in the thermosphere.



https://www.nbcnews.com/news/world/nasa-releases-photo-meteor-blazing-across-nevada-skies-flna733912
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Figure 1.20: The International Space Station -- ISS

5. Exosphere: The exosphere is the outermost layer of Earth’s atmosphere, where
the atmosphere gradually fades into the vacuum of space. It begins roughly at an
altitude of 600 km and can extend up to 10,000 km above Earth’s surface, though
the exact boundary is not well-defined. In this region, the atmosphere is extremely
tenuous, with very few gas particles, and there is little to no interaction between
them. While the exosphere is considered part of Earth’s atmosphere, it is so sparse
that it behaves more like outer space.

INTERNATIONAL STANDARD ATMOSPHERE

The International Standard Atmosphere (ISA) is a model established to provide a
standardised framework for the Earth’s atmosphere at various altitudes. Developed by
the International Civil Aviation Organisation (ICAO), the International Organisation
for Standardisation (ISO), and other scientific bodies, the ISA serves as a baseline
reference for aircraft performance calculations, aerodynamic analysis, and aviation-
related engineering. It is crucial in aviation and aeronautics for ensuring consistency
and accuracy when comparing aircraft performance under different conditions.

The ISA model assumes a specific set of average atmospheric conditions that vary
with altitude, including temperature, pressure, and density. These values represent an
idealised “standard” atmosphere, which pilots and engineers use as a reference rather
than a representation of actual, real-time atmospheric conditions.

1. Standard Sea-Level Conditions
The ISA defines a set of conditions at sea level, which is the reference level for
calculations. These conditions are:

Temperature: 15 °C
Pressure: 1013.25 hPa
Density: 1.225 kg/m?
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These values serve as a benchmark for calculating deviations in real atmospheric
conditions, allowing pilots and engineers to make necessary adjustments to
optimise aircraft performance.

Temperature profile

The ISA models the atmosphere to have a reduction in temperature as altitude
increases up to an altitude of 11000m above sea level. There is a 6.5 °C reduction
per kilometre. This value is commonly called the lapse rate.

Above 11000 m, the temperature remains constant at -56.5 °C up to an altitude of
25,000 m. The figure below shows the variation of temperature with altitude in
the International Standard Atmosphere. Altitude in kilometres is indicated on the
vertical axis and temperature in Kelvin on the horizontal axis.
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Figure 1.21: Temperature profile of the ISA

https://www.researchgate.net/figure/Average-temperature-profile-for-the-layers-of-the-Earths-atmosphere-
Image-credit-NOAA _fig2 350342329

Pressure Variation with Altitude

Pressure also decreases with altitude in the ISA. Since atmospheric pressure is
highest at sea level and decreases with height, aircraft performance (especially
engine power and lift) is directly influenced by these variations. The ISA provides
a mathematical model for calculating pressure at any altitude, which is used to:

a. Adjust altimeter settings to reflect true altitude.

b. Calculate true airspeed (TAS) and density altitude.


https://www.researchgate.net/figure/Average-temperature-profile-for-the-layers-of-the-Earths-atmosphere-Image-credit-NOAA_fig2_350342329
https://www.researchgate.net/figure/Average-temperature-profile-for-the-layers-of-the-Earths-atmosphere-Image-credit-NOAA_fig2_350342329
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A lower pressure at higher altitudes results in reduced air density, which in turn
affects aircraft performance. For example, reduced pressure and density means an
aircraft may need a longer runway for take-off or will have a lower rate of climb.

The ISA provides a consistent standard that can be used across the aviation and
aerospace industries. Engineers use the ISA to design and test aircraft in a simulated
environment that represents average atmospheric conditions. This ensures that aircraft
performance data such as climb rate, fuel consumption and range can be accurately
calculated based on the ISA and the altitude in question. Pilots also rely on the ISA to
calculate take-off performance, climb rates, fuel burn and required runway lengths.
Knowing standard atmosphere values helps pilots understand deviations caused by
real-time conditions.

Altimeters in aircraft are calibrated according to ISA pressure values. This allows for
accurate altitude readings, which are essential for safe separation between aircraft and
accurate navigation.

The International Standard Atmosphere has some limitations. It assumes average
conditions that usually do not match actual atmospheric conditions. Factors like
humidity, wind, turbulence and real-time temperature variations are not accounted
for, so pilots and engineers must adjust for these deviations.

The ideal gas equation, P = pRT can be used to solve for the pressure (P) or density (p)
in the atmosphere at any altitude knowing the temperature and either the density or
pressure, respectively. The value of R for air is 287 J/kg/K.

A table of atmospheric properties in the ISA is provided in Appendix A. Often, it is
desired to find a value that is not explicitly listed in the table. In this case, it is necessary
to interpolate between the two closest values. The following equation may be used:

where the unknown point lies between the two known points (x,, y,) and (x,, y,).

Layers of the Earth’s Atmosphere

1. Join a small group of your classmates and discuss your understanding of the
layers of the Earth’s atmosphere.

2. Research the fundamental principles and equations that were used to model
the ISA. Write down your findings below.

3. In your group brainstorm your understanding of the effect of International
Standard Atmosphere on flight planning and create a group presentation to
be delivered to the whole class.



Activity 1.6

Self-Assessment
Make a sketch on cardboard of the layers of the atmosphere and label the
respective layers. Indicate on the sketch how temperature varies with altitude
according to the International Standard Atmosphere. You may refer to
Figures 1.18 and 1.21 for guidance.

EXTENDED READING
1. Ghana | Bureau of Aircraft Accidents Archives (baaa-acro.com)

2. Aviation Weather Center

3. SkvyVector: Flight Planning / Aeronautical Charts


https://www.baaa-acro.com/country/ghana/
https://aviationweather.gov/
https://skyvector.com/

Review Questions

a. Which type of precipitation is most common to Ghana’s region?

b. List the instruments used to measure the following weather elements:
i. Sunshine

ii. Temperature

iii. Rainfall

iv. Relative humidity
v. Wind speed

vi. Wind direction

c. List the layers of the atmosphere in order of increasing altitude.

a. Based on your knowledge of weather elements, which major season in Ghana
is characterised by very low levels of humidity.

b. What are two factors that make it difficult for aeroplanes to operate at very
high altitudes?

a. Using the lapse rate of the International Standard Atmosphere in the
troposphere, if the temperature at sealevel is 15 °C, what will be the temperature
be at an altitude of 8,850 m above sea level?

b. Knowing that the density at this altitude is 0.429 kg/m’, determine the air
pressure.

4. Consider a cargo aircraft getting ready to transport a heavy payload from an airstrip
at an altitude of 50m above sea level. The destination is an airfield at an altitude of
3500m above mean sea level. Drawing from your knowledge of the atmosphere,
highlight some factors that could impact the flight. Suggest measures that could
be put in place to help execute the operation.
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Aerodynamics and Propulsion

INTRODUCTION

For an aircraft to take off and stay in the air, several forces act on it. These forces
include lift, weight, thrust, and drag, all of which interact to determine how an aircraft
takes off, flies, and lands. Aircraft designers and engineers consider these forces when
designing planes to ensure optimal performance, depending on the aircraft’s purpose.

In this section, we will explore how these forces affect an aircraft’s flight. We will
examine the principles of aerodynamics that enable aircrafts to take off, stay in the air,
and land safely.

By the end of this section, you will understand how aerodynamics influences the
different designs of aircraft and how these principles apply in the real world.

Key ideas

« Aircraft wings are designed to achieve the desired aerodynamic properties and stability
for the aircraft’s purpose with little drag associated.

« Dragis a force that opposes an aircraft’s motion in flight
« Lift and drag are affected by multiple factors and can be calculated using their equations.
« Liftis generated by pressure differences around an aerofoil.

« Proper weight distribution in the aircraft helps achieve stability

INTRODUCTION TO AERODYNAMICS

When a solid object moves through air, the air exerts stresses on the object. These
stresses are in the form of pressure and shear stress. Understanding how moving air
interacts with objects is crucial for many industries. Having proper knowledge of
aerodynamics is necessary for the design of aircraft, cars, wind turbines, propellers,
air-breathing engines and tall structures like bill boards and skyscrapers. Consider
an engineer designing a high-rise building. It would be of interest to know the range
of magnitudes of the prevailing winds and direction so as to ensure the building is
designed to be capable of withstanding the strongest possible wind.
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Figure 2.1: Wind Turbines (38 High Def Wind Turbine Pictures From Around the World)

Figure 2.2: F-22 Jet Fighter (Archivo: F-22 Raptor editl (cropped).jpg - Wikipedia, la enciclopedia libre

As we move through this section, we will come across more practical applications of
aerodynamics. Aerodynamics can be defined as the study of moving air and how it
interacts with solid bodies. This branch of physics helps us understand how objects
move through the air by applying fundamental physics principles. Anything that
comes into contact with moving air, such as an aircraft, car or a kite, is subject to the
laws of aerodynamics.

BASIC AERODYNAMIC VARIABLES

Before we dive deeper into aerodynamics, let’s review some common terms and variables
you’ll encounter. Understanding these terms will help you connect the concept of



https://wonderfulengineering.com/38-high-def-wind-turbine-pictures-from-around-the-world/
https://es.wikipedia.org/wiki/Archivo:F-22_Raptor_edit1_(cropped).jpg
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aerodynamics to everyday life. Some of these terms might already be familiar from
your physics classes, and we’ll explore how they relate specifically to aerodynamics.

Mass: The mass of an object refers to the amount of matter it contains, and its SI unit
is the kilogram (kg). Unlike weight, which varies, mass remains constant regardless of
location. In aerodynamics, mass is crucial because it influences an object’s resistance
to changes in speed and balance during flight.

Hoss: 50 kg Moss: 50 kg
weight: 110 Ibs weight: 42 Ibs

Mars

Earth

Figure 2.3: Mass and weight on different planets with different effects of gravity (Mass & Weight)

Mass measures the amount of substance an object contains; weight, however, is an
indication of the gravitational pull acting on the body. Weight and mass are related by
the mathematical expression,

Where;
W is the weight of the body in Newton (N)

m is the mass in kilograms (kg)

g is the acceleration due to gravity in metres per second squared (m/s*)

As shown above, weight is a product of mass and acceleration due to gravity. A body
may have a weight of 50N on the surface of the Earth. However, the same body will
have zero weight in outer space even though the mass remains the same. This is
because the gravitational pull of the Earth in outer space is practically zero. On another
planet where the gravitational pull is different from that on Earth, the body will have
a different weight.

Volume: Every form of matter takes up space, and the space it occupies is called
volume. In other words, volume measures how much space matter occupies. It gives
an indication of the size of the object. The SI unit for volume is the cubic metre (m3).

Density: Density is influenced by both mass and volume. In physics, it is defined as
the mass per unit volume of an object, meaning it measures how much mass is packed
into a given space. The SI unit for density is the kilogram per cubic metre (kg/m3). In
aviation, the density of the air around an aircraft plays a key role in determining the
aerodynamic forces acting on it and can influence how high the aircraft can fly. Note
that the density of an object is not about size, it is usually a property of the material.



https://study.com/academy/lesson/newtons-laws-and-weight-mass-gravity.html
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Consider a typical soccer ball and coin. The ball has more mass and volume than the
coin. However, the coin is denser than the ball. This is firstly due to the material the
coins are made of. Secondly, the ball is filled with air, which is low in density making
the overall density of the ball low. It is for this reason that a ball will float atop water
but a small coin will sink to the bottom.

Velocity: Velocity describes how fast an object moves and in what direction. It is
defined as the rate of change of an object’s position over time, considering both the
speed (magnitude) and the direction of the movement relative to a reference point. The
ST unit of velocity is metres per second (m/s).

Velocity is mathematically expressed as,

Where;
Ar is the displacement (along a straight line) and At is the time interval

v A A

M
L'

() X

Figure 2.4: Velocity vector (Source: NACCA, 2024)

Consider the image above. A particle, shown by the red dot, moves from point O to point
A along a straight path as indicated by the blue line OA. Assuming the displacement
between O and A is eight metres and the particle took 1.6 seconds to cover that interval.
The velocity can be calculated as follows:

Pressure: When a force is applied to the surface of an object, it creates pressure.
Pressure is the amount of force acting on a specific area of that surface. It is calculated
by dividing the force by the area over which it is applied. The SI unit of pressure is the
Pascal (Pa), which is equal to one Newton per square metre (N/m?2). This means that
1 Pascal is the pressure exerted when a force of 1 Newton is applied over an area of 1
square metre. Pressure is mathematically expressed as

Where;
P is the pressure being exerted in N/m?
Fis the force in N

A is the area over which the force is applied expressed in m?
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HCm

31 %cm lcm
Figure 2.5: Building block

Let’s take a classic example. Consider a building block of mass 15kg with dimensions
as shown in Figure 2.5. If it lies on one of its faces with dimensions of 21.5cm and
10cm as shown above, let’s calculate the pressure it exerts on the floor.

First, we need to know the force the block applies on the floor. Assuming acceleration
due to gravity is 9.81m/s? on earth, the weight will be,

Now we need to calculate the area of the face it sits on and since it sits on a rectangular
face, we can find the area.

A=0.215%0.1
A =0.0215 m?
Therefore, the pressure it exerts on the floor is

_ 147.15
0.0215

p

P =6844.19 N
m3

Flow: An interesting concept in aerodynamics is flow. Flow refers to the movement
of fluids - air in our case — through a given point over time. It happens because of
unbalanced forces acting on the fluid and continues until those forces are balanced. A
simple example of flow is water falling from a great height, like a waterfall.

Fluid flow can be categorised based on its characteristics. Below are some common
types of flow:

1. Compressible and Incompressible Flow: A compressible fluid is one whose
volume changes during flow. In contrast, an incompressible fluid does not change
in volume; its volume remains constant. In terms of density, a compressible
fluid’s density changes at different points during flow, while the density of an
incompressible fluid stays the same throughout. Air is very compressible. Water
on the other hand, is practically an incompressible fluid.
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Figure 2.6: Compressible and Incompressible Fluid Flow (Compressible and Incompressible Fluid Flow)

2. Laminar and Turbulent Flow: In laminar flow, the fluid moves smoothly in
parallel layers with no disruptions. On the other hand, turbulent flow is irregular
and involves multiple instabilities.

Laminar Flow
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Figure 2.7: Laminar and Turbulent Flow (Laminar versus turbulent flow)

Mach Number (M): The Mach number is a way to describe how fast an object is
moving compared with the speed of sound in the surrounding medium. For example,
when an aircraft flies through the atmosphere, its Mach number is the ratio of the
aircraft’s speed to the speed of sound in the air. Mathematically, this can be written as:

Where;
v is the speed of the aircraft and

a is the speed of sound, considered to be 340 m/s at sea level.

Based on the Mach number, flow into different categories:

Subsonic M<1 Speed of flow is below the speed of sound
Sonic M=1 Speed of flow is equal to the speed of sound
Transonic Mach 0.8 to Mach 1.2 | Speed of flow is around the speed of sound
Supersonic Mach 1 to Mach 5 Speed of flow is faster than the speed of sound



https://mechanicalbooster.com/2021/03/types-of-fluid-flow.html/compressible-and-incompressible-fluid-flow
https://www.researchgate.net/figure/Laminar-versus-turbulent-flow-Turbulent-flow-which-occurs-at-high-Reynolds-numbers-is_fig2_337810582
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Hypersonic M>5 Speed of flow is extremely high, well beyond
the speed of sound

Boundary Layer and Flow Separation: The boundary layer is a thin layer of fluid
that forms along the surface of an object, such as an aircraft wing, as it moves through
the air. This layer starts thin at the leading edge and thickens as it moves towards the
trailing edge. Typically, the flow within the boundary layer is laminar near the leading
edge and becomes turbulent closer to the trailing edge. As the fluid flows along the
surface, the boundary layer can separate from the surface when the surface curves or
changes direction. This process is known as flow separation and can negatively impact
the performance of the aircraft by reducing lift and increasing drag.

Tt
Eoarmdnry layar

Figure 2.8: Demonstrating Boundary Layer and Flow Separation (External Flows)

Conservation of Matter and Mass Flow Rate

The Law of Conservation of Matter is a key principle in classical physics. It states that
matter cannot be created or destroyed in an isolated system. This means the amount
of matter in a closed system remains constant; no new matter is added, and none is
lost. To better understand this, imagine water flowing through a tube. If we look at a
specific section of the tube (as shown in Figure 2.9), the amount of water entering at
point A must equal the amount of water exiting at point B, assuming there are no leaks
or other changes. If more water enters at A than leaves at B, it would mean matter is
being destroyed somewhere in the tube, and if more water leaves at B than enters at A,
it would mean matter is being created somewhere in the tube. Both situations would
violate the Law of Conservation of Matter.
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Figure 2.9: Section of tube with flowing water

In the diagram above, the water enters and exits the tube at the same velocity (v)
because the cross-section of the tube remains uniform. Now, let’s consider a scenario
where the inlet diameter (D), with a cross-sectional area of A, is larger than the outlet
diameter (d), with a cross-sectional area of A,. The conical shape of the tube is shown
in Figure 2.10. In this case, water enters the tube at the inlet with a velocity of v; and
exits at the outlet with a different velocity, v,.

<+“—— A,
U, (4

Figure 2.10: Section of a conical tube

By the law of conservation of matter, the amount of water entering a conical tube should
be the same as the amount exiting at any given time. This leads us to the concept of
mass flow rate, which is the amount of a substance (usually a fluid) that flows across
a boundary in a certain amount of time. Mass flow rate is measured in kilograms per
second (kg/s). The formula for mass flow rate is:

Mass flow rate (M) = density (p) X cross-sectional area (A) X velocity (v)
This can be written as:
M= pAv

Since the mass of water entering must equal the mass of water exiting at any point in
time, the mass flow rate at the inlet must equal the mass flow rate at the outlet. Hence,
we can write,

pAl VlszZ UZ

The above equation is called the continuity equation. Assuming the flow is
incompressible (meaning its density doesn’t change), the equation becomes:

Al v1: AZ UZ

This is because the density (p) is the same at both the inlet and outlet, and thus it
cancels out.
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Since A; v; = A, v,, and A, is smaller than A, this means v, (velocity at the outlet)
must be larger than v, (velocity at the inlet) to keep the equation balanced. Therefore,
the water flows faster at the outlet. This equation is known as the continuity equation
for incompressible flow and is based on the principle of conservation of matter.

Forces of Flight

In Year 1, you learned about the four major forces that act on an aircraft in flight:
lift, weight, drag, and thrust. We will take a closer look at these forces, how they are
generated and how they influence flight.

For an aircraft to fly, it needs to generate an upward force that equals or exceeds its
weight. This upward force is called lift. On a fixed-wing aircraft, the lift is generated
by the wings while on a rotary wing aircraft, it is generated by the spinning rotor blades.
As the aircraft moves through the air, it also encounters air resistance, which we call
drag. And finally, for the aircraft to move forward, its engine must generate a force to
propel it forward. This forward force is called thrust.

& it

Thrust : — i‘: j fll"l Drrag
=/

Wieight

Figure 2.11: Forces of acting on an aircraft (Aerodynamics of Flight)

Discussion and Presentations

1. Divide into small groups, and each group will choose one of the concepts
discussed above (mass, volume, density, pressure, velocity, boundary layer,
flow separation, Mach number, etc.). You may also select an aerospace
concept that was not discussed in the text above.

2. In your groups, discuss and create simple definitions of your chosen concept.
Use real-life examples to help explain the concept. For instance, you might
think about how mass or pressure affects a car, an aeroplane, or even a
balloon.

3. Illustrate your chosen concept on a cardboard poster or PowerPoint
presentation. Your poster should include:


https://www.lavionnaire.fr/AngAerodynamic.php
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a. The definition of the concept in simple terms.
b. At least one real-life example of the concept.
c. A diagram or visual aid to help explain the concept.

Be creative! Make sure your presentation is clear and engaging for others to
understand.

. Pair up with a classmate then run a 100-metre race while being timed with

a stopwatch to determine the time it takes each of you to complete the
100-metre sprint. Then calculate your own average velocities based on the
time it took to complete the sprint.

. Research the effect of boundary layers on the skin of a flying aircraft. Create

a PowerPoint presentation using the following slide headings:

Slide 1: Title Slide
« Title: The Effect of Boundary Layers on the Skin of a Flying Aircraft

Slide 2: Introduction
« Overview of Boundary Layers
« Importance in Aerodynamics
Slide 3: The Boundary Layer Concept
« Whatis a Boundary Layer?
« Types of Boundary Layers

Slide 4: Boundary Layer Development on Aircraft Skin
« From Leading Edge to Trailing Edge
« Flow Separation
Slide 5: Effects on Drag and Lift
« Skin Friction Drag
« Form Drag and Pressure Drag
 Lift Production

Slide 6: Factors Influencing Boundary Layer Behaviour
« Speed and Mach Number
» Surface Roughness
« Aerofoil Shape
Slide 7: Boundary Layer Control Techniques
« Boundary Layer Suction
« Vortex Generators
« Surface Modification

Slide 8: Boundary Layers at High Speeds
« Transonic and Supersonic Flow
» Shock Boundary Layer Interaction (SBLI)
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Slide 9: Aircraft Surface Design and Materials
« Impact on Aircraft Skin
« Long-Term Effects

Slide 10: Case Study: Boeing 787 or Concorde

« Boeing 787: Use of smooth composite materials to reduce drag and manage
boundary layers efficiently.

« Concorde: How high-speed flight challenges boundary layer control and
the impact of supersonic speeds on aircraft skin.

Slide 11: Summary and Conclusions
» Key Takeaways
« Future Outlook

Self-Assessment

1. Using the Law of Conservation of Matter, explain how water flow in a tube
can relate to fluid flow around an aircraft.

2. Describe the continuity equation for incompressible flow. Why is this
equation important for understanding how fluids move around an aircraft?

3. Based on your knowledge of the four aerodynamic forces (lift, weight, drag,
and thrust), consider the following:

a. What must an aircraft do to maintain level flight?
b. What happens if the lift force is less than the aircraft’s weight?

The Aerofoil

Aerofoils are commonly found in items of machinery that are generally associated
with moving air. They are found on aircraft wings and tails, helicopter rotor blades,
gas turbine engine blades, wind turbine blades, propellers, racing cars and more. An
aerofoil is a shape specifically designed to enhance certain aerodynamic properties. In
wings, they are optimised to generate lift while creating as little drag as possible. There
are various types of aerofoil designs, as shown in Figure 2.12. The aerofoil generates
lift by taking advantage of the pressure difference between its upper and lower surfaces
as air moves over it.
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Figure 2.12: Examples of different aerofoil designs (Aerofoil Design 101)
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Figure 2.13: Aerofoil parts (Aerofoil Nomenclature)

The leading edge is the front part of the aerofoil that first contacts the incoming air,
while the trailing edge is the rear part where the airflow exits. The upper and lower
surfaces of the aerofoil connect at these edges.

The chord is the straight-line distance from the leading edge to the trailing edge of the
aerofoil. The thickness refers to the maximum “depth” of the aerofoil. It is usually
expressed as a percentage of the chord length. It is of particular interest during the
design phase. Most aircraft wings house fuel tanks, structural members and may have
hard points for carrying payloads. This makes thicker aerofoils a delight however, they
create more drag at high speeds and hence are best suited for lower speed applications.



https://www.naa.edu/airfoil-design/
https://aerotoolbox.com/airfoil-nomenclature/
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Thinner aerofoils are mostly used on high-speed aircraft since they tend to generate
less drag.

Camber refers to the curvature of the aerofoil and is measured by the asymmetry
between the upper and lower surfaces. The camber line (also called the mean camber
line) is an imaginary line halfway between the upper and lower surfaces. A high camber
means the aerofoil is more curved and generates more lift. Aerofoils with zero camber
are symmetrical and are often found in vertical and horizontal stabilisers of the tail.

INTRODUCTION TO LIFT, HOW IT IS GENERATED
AND THE FACTORS THAT AFFECT LIFT

Lift

When air flows over a solid body, it exerts some force on the body. The component of
the force perpendicular to the incoming airstream is the lift force. In the case of an
aircraft in flight, it acts upward and is responsible for keeping the aircraft airborne. It
acts in an opposite direction to the aircraft’s weight. On a fixed-wing aircraft, the wing
generates the lift as the aircraft moves forward. On helicopters and other rotary-wing
aircraft, lift is generated from the spinning of the rotor blades. As the blades spin, they
push air downwards and by Newton’s third law of motion, (every action has an equal
and opposite reaction), the downward moving air gives a reaction push on the blades
to create the lift.

The wings are specially designed so that air moves faster over the top of the wing
than below it, creating a pressure difference. This difference in air pressure creates an
upward net force that we call lift.

The diagram below of a wing’s cross-section shows the aerofoil and air stream around
it.

Weight

Figure 2.14: Lift acting opposite to weight (Lift Coefficient Calculator)



https://www.learningaboutelectronics.com/Articles/Lift-coefficient-calculator.php
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Figure 2.15: Lift perpendicular to flow direction (How does Lift Force work?)

How Lift is Generated

As mentioned earlier, lift is generated due to differences in air pressure around an
aerofoil. As air flows around a wing, the air on the upper surface moves faster than
the air below it. This causes a reduction in air pressure on the upper surface and an
increase in air pressure on the lower surface. This pressure difference results in a net
upward force on the wing. Figure 2.16 illustrates the pressure distribution across an
aerofoil in a stream of air. In the image, colours help to show pressure differences: blue
represents areas of low pressure, while red indicates areas of higher pressure.

Figure 2.16: Pressure difference around an aerofoil in flight (How does Lift Force work?)

From the diagram, we can see that the air pressure above the aerofoil is lower, while
the pressure below the aerofoil is higher. This difference in pressure creates an upward
force - lift.

To better understand how the changes in velocity on the upper and lower surfaces
of the aerofoil results in changes in air pressure, we need to look at a very important
principle in fluid mechanics called Bernoulli’s Principle. According to Bernoulli’s
Principle, when a fluid is accelerated, its pressure decreases. When air flows around the
aerofoil, its speed and direction change. By Bernoulli’s principle, this causes changes
in pressure around the aerofoil. The aerofoils on aircraft are conveniently designed to
accelerate the air on the upper surface and decelerate that on the lower surface. This
result in an uneven pressure distribution that creates lift.



https://medium.com/@astrotech./how-does-the-lift-force-work-a9327b3bc40d
https://medium.com/@astrotech./how-does-the-lift-force-work-a9327b3bc40d
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How Lift is Calculated

As discussed earlier, the lift force is created by the pressure distribution on the wing.
When this pressure distribution is integrated over the entire wing’s area and the
component of the resultant parallel to the air stream is found, we get lift. However, this
integration process is very complex and often involves the use of powerful computers.
However, there is a simpler way to calculate lift.

Firstand foremost, let’sconsider some factors thataffect theliftactingon abody. If thereis
norelativeair stream on the wing, then nolift will be generated. Therefore, itisreasonable
tothink thatthespeed of theairstream affects thelift. Also, the density of theair affectsthe
liftthatawinggenerates. Finally, thesize of the wing, the aerofoilused and the orientation
of the wing relative to the airstream affect the lift. Complex factors such as viscosity, and
the compressibility of the air also affect lift. These are typically measured in experiments.
All these factors are represented in the lift equation as follows:

where;
L is the lift force measured in Newtons (N).

C, is the lift coefficient. The lift coefficient is a dimensionless quantity. It factors
the wing orientation (angle of attack, o) and aerofoil into the lift equation.

p is the air density in kg/m?
v is the velocity of the airstream in m/s

S is the planform area of the wing in m?

Wepy? is the
Kinetie NPy

Figure 2.17: Factors affecting lift
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Example 2.1

A small glider is flying at 40 m/s at an altitude of 300 m above sea level, where the air
density is 1.07 kg/m3. It has a wing area of 18 m2 and a lift coefficient of 1.15. Calculate
the lift being generated by the glider’s wings.

Solution:

Using the lift equation:

C, = 1.15 (lift coefficient)

p = 1.07 kg/m? (air density)
v = 40 m/s (velocity)

S =18 m? (wing area)

Substituting:
1.

2. Multiply the answer by C, and S
Answer: The lift generated by the glider’s wings is approximately 17,731.2 N.

Variation of lift coefficient with Alpha of Attack

Consider the image below of an aerofoil from a wing’s cross-section. It shows the
relative wind and the angle of attack (a), which is the angle between the chord line
and the relative wind. Wind tunnel experiments show that the lift coefficient increases
with the angle of attack until it reaches a the maximum lift coefficient.

Lift

F

Chord Line

Relatve Wind it

r e * Drag
i Angle of L :
| Attack o e

Figure 2.18: Angle of attack (aircraft design - What is the difference between Angle of Incidence (Aol) and

Angle of Attack (AoA)? - Aviation Stack Exchange)

The angle of attack at which the aerofoil experiences the maximum lift coefficient is
called the critical angle of attack. Any further increase in angle of attack beyond the
critical angle of attack causes a sharp decrease in the lift coefficient. This is known as
a stall. It is due to boundary layer separation on the upper surface. The graph below
shows the variation of the lift coefficient with the angle of attack. High-lift devices can
however, be used to increase the lift coefficient beyond the normal range and delaying
the onset of stall, (see next sub-section for flaps and slats).



https://aviation.stackexchange.com/questions/56475/what-is-the-difference-between-angle-of-incidence-aoi-and-angle-of-attack-aoa
https://aviation.stackexchange.com/questions/56475/what-is-the-difference-between-angle-of-incidence-aoi-and-angle-of-attack-aoa
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Crtical Angie of Atlack

Coefficient of Lift

-
-

15

Angle of Attack (degrees)

Figure 2.19: Variation of lift coefficient with angle of attack

Research and Presentation

1. Research (with videos or reading material) how lift is generated.
« https://www.youtube.com/watch?v=6RoBo3fue4Q
« https://www.youtube.com/watch?v=134G_CjwECQ
« https://www.youtube.com/watch?v=E3i_XHIVCeU

2. Your teacher will allocate you to a small group to discuss: “Describe lift as a
force of flight”.
Use these prompts to guide your discussion:
Basic Understanding of Lift:
« What is lift, and how does it contribute to flight?

« How does lift differ from other forces acting on an aircraft, such as weight,
thrust, and drag?

How Lift Works:

« What are the main factors that influence lift generation on an aircraft?

« How does the angle of attack affect the amount of lift generated by an
aircraft’s wings?

«  What role does the shape of the wing (aerofoil) play in creating lift?

« Can you explain how Bernoulli’s principle relates to the generation of lift?

« What is the relationship between airspeed and lift?

Lift Equation:

« How do the variables in the Lift equation (such as velocity, wing area, and
lift coefficient) affect the lift generated?


https://www.youtube.com/watch?v=6RoBo3fue4Q
https://www.youtube.com/watch?v=l34G_CjwE
https://www.youtube.com/watch?v=E3i_XHlVC
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« How do changes in altitude affect air density and, consequently, the lift
produced by an aircraft?

Practical Applications of Lift:

«  Why do aircraft wings have a specific design (e.g., curved on top, flat on the
bottom) to maximise lift?

« How does an increase in velocity or wing area contribute to a higher lift
coefficient?

Limits and Challenges of Lift:

« What is the critical angle of attack, and what happens when it’s exceeded
in terms of lift and stall?

« How does an aircraft maintain lift in turbulent or high-wind conditions?
« Can you describe a scenario in which lift becomes insufficient for flight?

a. From your research, identify one aircraft (from any type of aircraft) and
explain how it generates lift using the theories you have already learned.

b. List some unfavourable conditions for lift for the aircraft you chose.
Explain why they are unfavourable.

c. Prepare a PowerPoint presentation to present your findings to both (a)
and (b) above.

4. Perform simple calculations for lift, wing area and aspect ratio.
a. Lift Calculation (Using the Lift Equation)

A light aircraft is flying at 50m/s at an altitude of 50m above sea level,
where the air density is 1.225kg/m?. It has a wing area of 20m? and a lift
coefficient of 1.2. Calculate the lift being generated by the wings using
the lift equation, L:CLl /2pV?S.
b. Lift Calculation (Example 2)

A light stunt plane is flying at 60m/s at an altitude of 50m above sea
level, where the air density is 1.225kg/m?. It has a wing area of 25m? and
a lift coefficient of 1.5. Calculate the lift being generated by the wings
using the lift equation, L=C [?11/2pv’S.

Basic Wing Geometry

Wings are the primary lifting surfaces of an aircraft and are responsible for generating
most of the lift needed to keep it in flight. The shape of the wing creates pressure
differences as air flows over and under it, resulting in lift. Let us now take a closer look
at the geometry and configuration of a wing.

Key parts of the wing include:

1. Leading Edge: The front of the wing.

2. Trailing Edge: The back of the wing.

3. Chord: The distance from the leading edge to the trailing edge.
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4. Wing Tips: The ends of the wing.

5. Wingspan: The distance from one wing tip to the other.

When viewed from above, the wing’s shape is known as the planform. For simple
rectangular wings, the chord length (distance from front to back) is the same along the
entire span. However, in modern aircraft, the chord length often varies, and the leading
and trailing edges may be swept. The wing area is the total surface area within the
outline of the planform, extending from the leading to trailing edges and between wing
tips. Figure 2.16 below shows the basic geometry of a wing.
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Figure 2.20: Geometric features of a wing (Wing Nomenclature)

Wingspan
The wingspan (or span), denoted by b, is the distance from one wing tip to the other.

Typically, it is assumed that the right and left wings (semi-spans) are symmetrical and
experience equal aerodynamic forces.

Wing chord and planform

Wings may be designed with a linearly tapered planform, meaning the chord length
gradually decreases from the root (where the wing attaches to the fuselage) to the tip.
This tapering is preferred as it balances weight and structural efficiency, reducing
induced drag and improving fuel efficiency. Additionally, wing thickness often tapers
toward the tip, further enhancing aerodynamic performance.


https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
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Figure 2.21: Linear planform taper
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Figure 2.23: Wing Chords (Wing Nomenclature)



https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
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Sweepback Angle

Today, many aeroplanes feature swept-back wings (as shown in Figure 2.24). Wing
sweepback helps reduce drag at higher speeds, particularly at a given Mach number,
allowing the aircraft to require less thrust and fuel to maintain flight.

Mildly swept wing Mnderstety Bat Pt wing

Figure 2.24: Different wing sweeps (Wing Nomenclature)

4 ¥

Figure 2.25: Types of wing shapes

Wing Twist
Wings may also be slightly twisted relative to their span. Wing twist is designed to help
achieve the desired distribution of aerodynamic forces over the span. In practice, most

wings are twisted in some form, often subtly, with the angle of the wing decreasing
slightly from root to tip.



https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
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Figure 2.26: Washout and Wash-in Wing Twist (Wing Nomenclature)

Wing Dihedral and Anhedral Angle

The dihedral angle is the upward tilt of the wings in relation to a horizontal axis on
the aircraft, as shown in Figure 2.27 below. The main reason for using dihedral is to
improve the aircraft’s roll stability, which helps the aircraft stay level in flight. In larger
aircraft, the horizontal tail can also have some dihedral, adding to overall stability.
Some dihedral effect may also result naturally from slight bending in the wings due to
structural forces during flight.

Wing with dihedral

Figure 2.27: Wing with a dihedral angle(Wing Nomenclature)



https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
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Figure 2.28: Dihedral wing and tail plane of the Boeing 737-800 (Wing Nomenclature)

A downward wing angle is called anhedral. This angle is less common on aeroplanes
without sweepback or high-wing designs because it decreases roll stability. However,
on aeroplanes with swept-back wings, anhedral can help balance the increase in roll
stability caused by the wing’s sweepback angle.
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Figure 2.29: Wing with anhedral angle (Wing Nomenclature)

Figure 2.30: Military C-5 Galaxy with anhedral wing (Wing Nomenclature)



https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
https://eaglepubs.erau.edu/introductiontoaerospaceflightvehicles/chapter/wing-shapes-and-nomenclature/
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———— AIRCRAFT WING STYLES
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Figure 2.31: Other types of aircraft wings

How to Calculate the Wing Area

To find the area of a wing, use the following formulae:
For a rectangular wing: S=b X ¢

Where:
S = area
b =span

¢ = chord length

Example 2.2
Find the area of a rectangular wing that spans 4.5 m and measures 0.38 m in chord
length.
0.38 m
4.5m "
Figure 2.32: A rectangular wing

Solution:

b=45m

¢c=0.38m

Answer: The area of the wing is 1.26 m?

For a tapered (or trapezoidal) wing:

Where:
S = area
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b = span
¢, = tip chord

c, = root chord

Example 2.3

Calculate the area of the wing below:

o]

12.7 m

Figure 2.33: A tapered wing
Solution:
c,=1m
ct=1.8m
b=12.7m

For a triangular wing:

Where:
S = area

b = span

C, = root chord

Example 2.4

Calculate the wing area of the aircraft below:

Figure 2.34: A Delta wing

a7
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Solution:
S=0.5xbxc,

S =0.5%10 X (3.5+3.5)
S=35m?

Aspect Ratio

Theratio of thelength of wings to theirwidth is called the aspect ratio. A high aspectratio
indicates long, narrow wings. A low aspect ratio indicates short, wide wings. Generally,
high aspect ratio wings give slightly more lift and enable sustained, endurance flight,
while low aspect ratio wings are best for swift manoeuvrability.
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Figure 2.35: Aircraft with different aspect ratios

How to Calculate Aspect Ratio
The aspect ratio (AR) can be calculated as the square of the wingspan (b) divided by

the wing area (S). This can be represented mathematically as follows:
where;

b2

S

AR =

AR = Aspect ratio
b = span
S = wing area

For a rectangular wing:

S=bxc
where:
b = span

¢ = chord
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This means the Aspect Ratio of a rectangular wing can be written as follows:
b2
bxc

AR =

Therefore, the Aspect Ratio of a rectangular wing can be simplified as follows:

AR =2
c
Example 2.5
Suppose a rectangular wing has:
Wingspan (b) =12 m
Chord Length (c) =2 m
Then:
AR =212
2

Answer: The Aspect Ratio of the rectangular wing is 6.

For a tapered wing, where the wingspan is b, the root chord is ¢_and tip chord is c,

. 1
Wing Area (S) = Y (c+c)xb

b(c+c)

Recalling the equation for the Aspect Ratio:

AR =—2

This means the Aspect Ratio of a tapered wing can be written as follows:

b

AR = b(c+c)
[T]

Therefore, the Aspect Ratio of a tapered wing can be simplified as follows:

AR = 2b
(c+c,)
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Example 2.6
Suppose a tapered wing has:
Wingspan (b) =15m

Root chord (¢) =3 m
Tip chord (¢) =1.5m

Using the simplified equation for calculating the aspect ratio:

AR =245
(3+1.5)
30
AR =—— =6.67
4.5

Answer: The Aspect Ratio of the tapered wing is 6.67.

Wing Components

Modern aircraft wings are equipped with additional components that help improve
flight performance and efficiency. These components vary based on the design and
purpose of the aircraft. Here, we’ll cover some of the main components that enhance
an aircraft’s aerodynamics:

1. Drag-Reducing Devices (e.g., Winglets)
2. Control Surfaces (e.g., Ailerons)
3. High-Lift Devices (e.g., Flaps and Slats)

Drag-Reducing Devices - Winglets

Winglets are small, fin-like structures attached to the tips of aircraft wings. They
are designed to reduce “induced drag,” which is the drag caused by wingtip vortices
(swirling air at the wing tips). These vortices create a drag force that can reduce fuel
efficiency. Winglets help to minimise this effect, making the aircraft more efficient.
Winglets are commonly seen on passenger aircraft.
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Figure 2.36: Demonstrating effects of winglets (What is winglet device?)
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Figure 2.37: Types of winglets

Control Surfaces - Ailerons

Ailerons are movable surfaces on the trailing edges (back edges) of wings that help
control the aircraft’s roll—tilting it left or right along its length. When one aileron
moves up, the other moves down, causing one wing to generate more lift than the
other, which tilts the aircraft. Other primary control surfaces, like the elevators and
rudder, are located on the tail of the aircraft.



https://www.aviationfile.com/what-is-winglet-device/
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Vertical axis
(Rudder yvaw)

Longitudinal axis s Aileron
{Aileron roll) .

Lateral axis
(Elevator pitch)

Figure 2.38: Primary control surfaces of an aircraft
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Figure 2.39: Aircraft responding to the movement of ailerons.

High-Lift Devices

High-lift devices are additional components designed to increase the amount of lift
during take-off, landing, or slower-speed flight. They are often considered secondary
control surfaces and are primarily used in phases when more lift is needed. Here are a

few common types:

1. Flaps

Flaps are attached to the trailing edge of the wing. When extended, they change
the wing’s shape (camber), increasing both lift and drag. This helps the aircraft
achieve better lift during take-off and landing.
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Figure 2.40: Types of flaps (Types of Flaps)

2. Slats

Slats are extendable surfaces on the leading edge of some wings. Like flaps, slats
are used during lower-speed phases of flight, such as take-off and landing. They
work with flaps to change the wing’s shape, enhancing lift

cruise configuration —l\r;f""“;..

slats TN Wirngy flaps
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Figure 2.41: Slats and Flaps Working Together (Slats and Flaps)
3. Krueger Flaps

Krueger flaps are high-lift devices attached to the leading edge of some aircraft
wings. Unlike slats, they extend from the bottom of the leading edge and fold
outward to increase lift by changing the camber of the wing.



https://www.balsaworkbench.com/?page_id=1486
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS1350630715301606&psig=AOvVaw21vimc2RLk-OCDwPlnS_Ac&ust=1730189146247000&source=images&cd=vfe&opi=89978449&ved=0CBgQ3YkBahcKEwjgwbiKz7CJAxUAAAAAHQAAAAAQBA
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Figure 2.42: Krueger Flaps

Activity 2.3

Observing Wings for Flight

Using the following interactive website;

Observing Wings for Flight

Activity 2.4

Exploring the Role of Wing components

1. Watch a video on how control surfaces and high-lift devices work
« https://www.youtube.com/watch?v=G3Mf1XsQZvs
« https://www.youtube.com/watch?v=90VWnlO8elw&t=13s

2. List the main control surfaces discussed in the video. Describe how each
surface affects the movement of the aeroplane.

Trailing Leading edge  Top of wing

Edge devices devices devices

What are these devices?

How do these devices work?

Applications (uses) of these
devices



https://www.sciencelearn.org.nz/resources/3014-observing-wings-for-flight
https://www.youtube.com/watch?v=G3Mf1XsQZ
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Using a paper aeroplane or a simple cardboard model, simulate the actions of
each control surface. Adjusting each control surface manually, demonstrate the
movement (e.g., tilting the wings for roll).

Self-Assessment

1. Draw an aerofoil and label the following
a. Leadingedge
b. Trailing edge
c. Chord
d. Camber line
e. Upper surface
Lower surface

2. Draw a wing and label the leading edge, trailing edge, root chord, tip chord,
wingspan, and wingtip.

3. Using the following web-based simulator, observe changes in lift and drag as
you adjust parameters like airspeed, air density, angle of attack, and camber;
visualise the effect of changes on lift: https://www1.grc.nasa.gov/beginners-
guide-to-aeronautics/foilsimstudent/

a. What happens as you select different shapes?
b. For an aerofoil shape, what do you observe when you change the angle
of attack?

DRAG

Drag is the aerodynamic force that resists an aircraft’s motion through the air. It’s
present in all parts of the aircraft and occurs when a solid object interacts with a fluid
(like air). Drag is generated due to the difference in velocity between the object and the
fluid - if there’s no relative motion, there’s no drag.

Factors Affecting Drag

There are several factors that affect drag. These can be grouped into the following:

1. Object Properties: The size, shape, and surface roughness of the aircraft
significantly affect drag.

2. Air Motion: The velocity of the air around the object influences drag, as drag
increases with the square of the velocity difference between the object and air.


https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/foilsimstudent/
https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/foilsimstudent/
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3. Air Properties: Drag depends on air density, viscosity, and compressibility, which
engineers measure experimentally and account for with a drag coefficient.

The above factors are put together to form the drag equation. Drag can be expressed
mathematically as follows:

1
D 27 e’ SC,
where;
D =drag
p = density of the air
v = velocity

S = surface area

C, = drag coefficient

Example 2.7

An aircraft is flying steadily and level at a speed of 100m/s has a drag coefficient of
0.07 and a rectangular wing of chord 1.2m and span of 10.8m. The air density at its
operating altitude is 1.08kg/m’. Calculate the thrust that must be generated by the
engine to keep the aircraft in cruise.

Solution:

From the problem statement, we know that the aircraft is in cruise. In cruise, thrust
equals drag and lift equals weight.

T=D

Therefore, if we find the drag, then we get the required thrust.
D=2+
= 7 pv? SC,

Speed, V = 100m/s

Drag coefficient, C = 0.07

Density, p = 1.08kg/m*

Surface area, S = span x chord (for a rectangular wing)
Therefore, S = (1.2) x (10.8) = 12.96m?

Substituting into the drag equation:
1
D = - (0.07) (100)* (12.69)(1.08)

T =4898.88 N
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But we know that at cruise, T = D. Therefore,

D =4898.88 N

Reducing Drag

While drag can be useful, especially during landing where air brakes may be deployed
to increase drag, engineers usually aim to minimise drag to improve fuel efficiency and
increase speed capabilities when the aircraft is in flight.

Figure 2.43: Air brakes on an aircraft

Here are some strategies aircraft designers employ to reduce drag:

1. Removing or Hiding Surface Protrusions: Engineers minimise protrusions,
like antennae or landing gear, when not in use. The use of retractable landing
gear are an example of this. This prevents protrusions from sticking out into the
airstream to contribute to drag. However, in the case where certain parts must
protrude into the air due to design constraints, farings may be used to streamline
and reduce the drag force on the component.

Figure 2.44: Faring on a non-retractable landing gear

57




SECTION 2  CLIMATOLOGY

2. Streamlining: Aircraft bodies are streamlined to enhance their ability to easily
slice through the air. It is for this reason (see Figure 2.45)
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Figure 2.45: Air flow on streamlined shape versus a blunt shape.

3. Sealing Gaps: Gaps on aircraft (doors, canopies, control surfaces) can generate
drag. Engineers ensure tight seals to prevent unnecessary drag in high-speed
flight.

4. Smoothing Surfaces: Smooth surfaces help air flow smoothly from nose to tail,
minimising resistance.

Activity 2.6

Drag

1. Watch this video - click here on skydiving. Share your views with a classmate
on why they spread their arms and legs when skydiving.

2. Your teacher will allocate you to a small group of your classmates. In your
group, brainstorm together to explain the concept of drag.
Use these headings to structure your discussion:

What is Drag?

Types of Drag

Factors Affecting Drag

How Drag is Measured

Impact of Drag on Aircraft Performance

Mmoo R

Reducing Drag



https://www.youtube.com/watch?v=qEWCRKxhEZo
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g.

The Relationship Between Lift and Drag

h. Real-World Examples of Drag

3. Experiment to discover how drag changes with airflow speed and the surface
area of an object.

Materials needed:

Electric fan or air blower

Various pieces of cardboard (different sizes and shapes)
Ruler

Protractor (optional for angle variation)

Notebook and pen for observations

Instructions:
a. Set up the fan or blower on a stable surface.
b. Hold a piece of cardboard in front of the fan at a fixed distance.
c. Experiment with airflow speed:
« Start with a low speed and observe the force felt on the cardboard.
« Gradually increase the speed and note how the force changes.
d. Experiment with surface area:
« Use cardboard pieces of different sizes.
« Observe and record how the force changes with larger or smaller
surfaces.
e. Experiment with shapes:
« Try using differently shaped cardboard (e.g., rectangular, circular,
paper plane).
« Record the differences in drag experienced with each shape.
J. Optional: Try holding pieces of cardboard of the same size at different
angles relative to the airflow and observe how this affects the force.
Observations:

Record your findings for each variable (speed, area, shape, and angle) and
discuss how each affects the force felt on the cardboard.

Experiment outcomes — using the results of your experiment, answer the
following:

a.

How does increasing the speed of airflow affect the drag force on the
cardboard?

b. What impact does increasing the surface area have on drag?

Do different shapes experience different amounts of drag at the same
speed?

How does changing the angle of the cardboard relative to the airflow
change the drag?
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4. Research the contribution of the boundary layer to drag using the internet or
these videos.

« https://www.youtube.com/watch?v=GgVCTNCwfQk
» https://www.youtube.com/watch?v=GMmNKUIXXDs

WEIGHT AND WEIGHT DISTRIBUTION

Weight is the force of gravity acting on an object, measured in Newtons (N). On Earth,
weight can be calculated using:

Weight(W) = mass of body (m) X acceleration due to gravity on Earth (g)
W=mg
where m is the mass of the object and g is Earth’s gravitational acceleration (9.8 m/s?).
For aircraft, the total weight is the sum of all components. To reduce weight, engineers

use strong but lightweight materials, balancing strength and weight for better efficiency
in flight.

Weight Distribution

Weight distribution refers to how the weight or force of an object is spread across its
supporting surfaces or structures. In aircraft, this is crucial for stability and balance, as
uneven distribution affects the centre of gravity (CG). A well-placed CG ensures that
the aircraft remains stable and controllable.

Moment of a Force

Forces may cause a body to turn about its pivot. The moment of a force refers to the
turning effect of the force. It may act clockwise or anticlockwise as shown in the image
below:


https://www.youtube.com/watch?v=GgVCTNCwfQk
https://www.youtube.com/watch?v=GMmNKUlXXDs
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Anticlockwise Clockwise
moment moment

)

Figure 2.46: Demonstrating Clockwise and Anti-clockwise moment about a pivot

The moment of a force can be calculated by multiplying the force by its perpendicular
distance from the pivot as shown in Figure 2.45 and can be expressed as follows:

This is crucial in calculating torque on different parts of an aircraft and ensuring
balanced forces during flight.

Example 2.8

1. A metre-long bar AB is subjected to the forces as shown in the diagram below.
Calculate the moment about point A.

30N SO

= . .
\I:‘-" 5lcm ) j 10

TON 0N
Figure 2.47: A metre-long bar

Solution:

There are four forces acting on the stick. The length of the stick is one metre. The
point of interest is A. In order to proceed, we must pick a sign convention. Let counter-
clockwise moments be positive and clockwise moments be negative. Both 50N forces
will cause a clockwise moment about A. The 30N force will have a counterclockwise
moment about A. The 70N force, however, will cause a zero moment about A because
it acts as A and has zero perpendicular distance (moment arm) from A. Therefore, the
moment about point A, designated as M, can be found by:

M, =-50(1-0.6 - 0.1) - 50(1 - 0.1) + 30(1)
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M = - 50(1 - 0.7) - 50(1 - 0.1) + 30(1)
M = - 50(0.3) - 50(0.9) + 30(1)
M= -15 - 45 + 30
M= - 60 + 30

MA:—30N.m

This implies that the moment about point A is 30N.m and acts in a clockwise direction
because it is negative.

Centre of Gravity

The centre of gravity (CG) is the average location of an object’s weight. It’s an imaginary
point where the total weight can be considered concentrated. The CG plays a key role
in aircraft design, as it affects stability and control. An aircraft’s CG must fall within
certain limits to ensure safe operation; if it’s too far forward or aft, it can lead to handling
issues or even accidents.

The CG is typically calculated by balancing all moments on the aircraft, taking into
account both weight and position of each component.

Example 2.9

The aircraft below has a total weight of 18110 N. The engine weighs 12000N, the fuel
weighs 1600N and it carries a payload of 3200N. It uses a 24V battery pack which
weighs 1100N.

I-uel = — [ PR
Pavioad | e
‘. a e ——
] :

Figure 2.48: Aircraft

a. What is the mass of the flight data recorder (FDR)? [Take g = 9.81m/s?|

Solution:

The total weight is 18110N. This means the sum of all weights on the aircraft should
equal 18110N. Therefore, we can write the following:
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But remember the question was to find the mass of the FDR, not weight. We know that

18110 = 12000 + 1600 + 3200 + 1100 + W,
18110 = 17900+W,,,

W, =18110 - 17900
W, .= 210N

weight is a product of mass and acceleration due to gravity.

Hence,
w
mFDR —  —_FEDR
8
Therefore,
m - 210
FDR 9.81

m, . =21.41 kg

Understanding Weight Distribution and Centre of Gravity
Materials Needed:

o A metre rule

+ A pivot (e.g., an eraser or block)

« weights (e.g., coins or small weights)

- Digital scale

Instructions:

1.

Form Groups: Join a small group made up of 3-4 of your classmates
(including you).
Balance the Metre Rule: Place the metre rule horizontally on the pivot

and find the balance point (where it doesn’t tip to either side). Mark this
point.

Measure and Record Weights: Using a digital scale, measure the
masses of all the weights at your disposal. Calculate the weight of

these items. Take acceleration due to gravity, g, as 9.81m/s? Record your
results.

Add Weights: Attach a measured weight to one end of the metre rule.
Adjust the pivot position to find the new balance point.

Repeat Experiment: Add weights in different configurations, noting
the balance point each time. Try this process about four times.
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6. Observe and Discuss: Discuss as a group how the added weights affect
the balance and what this implies about weight distribution and centre

of gravity.

Questions to Consider:
a. Wheredoesthepivotneedtobetobalancedifferentweightconfigurations?

b. How does the distance of weight from the pivot affect balance?
c. What does this tell you about the role of balance in aircraft design?

EXTENDED READING

«  Aerofoil Nomenclature
Fundamentals of aerodynamics by John Anderson Jr.


https://snscourseware.org/snsctnew/files/1714820322.pdf

Review Questions

1. An aircraft is cruising with a speed v. If it increases its speed to 2v, by how much
does the lift increase considering all other factors equal?

2. A fixed-wing UAV cruising at a speed of 45m/s has a drag coefficient of 0.03 and a
tapered wing of 60cm root chord, 30cm tip chord and wingspan of 8m. It is flying
at an altitude where the air density is 0.95kg/m3.

a. Calculate the drag on the aircraft.

b. If the lift coefficient is 0.9, calculate the lift.

3.  When the angle of attack reaches beyond the critical angle of attack, a wing stalls.
Why?




PROPULSION
SYSTEMS
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CORE CONCEPTS IN AEROSPACE
ENGINEERING

Aerodynamics and Propulsion

INTRODUCTION

Welcome to Section 3! In this section we’ll focus on systems that propel aerospace
vehicles. There are different technologies, suited to different applications, and we take
a look at them, beginning with electric propulsion, piston engines, gas turbine engines
and finally rocket propulsion. We will learn about their principles of operation and as
well, learn how to compute the thrust produced by gas turbine and rocket engines.

Key Ideas

+ Almostall Aerospace propulsion systems employ mechanisms that make use of Newton’s
third law of motion (law of action and reaction) to create thrust.

« Air-breathing engines are limited to operations in the Earth’s atmosphere while rockets
are capable of operating in space.

PRINCIPLES OF AEROSPACE PROPULSION AND
PROPELLER-BASED PROPULSION SYSTEMS
(ELECTRICAL AND INTERNAL COMBUSTION)

Introduction to Propulsion

In the previous section, we discussed how lift is created when air moves relative to the
wing. In order to create the relative airflow, the aircraft must move forward. Aircraft
use different types of systems to move through the air and create this relative airflow.
These systems are known as propulsion systems.

The word “propulsion” comes from two Latin words: “pro,” meaning forwards, and
“pellere,” meaning to push or drive. So, propulsion means moving a body forwards. A
propulsion system is made up of parts that work together to push or drive an object
forward. The forwards force produced by propulsion systems is called thrust. To
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understand how thrust is created, it is important to first look at Newton’s Laws of
Motion.

Newton’s Laws of Motion

Newton’s first law states that “an object will be in a state of rest or move in a straight
line at a constant speed unless an unbalanced force acts on it.” This is called the law
of inertia. In simple terms, it means that an object at rest will not start moving unless
an outside force pushes or pulls it. Similarly, an object in motion will keep moving at
the same speed in the same direction—without speeding up, slowing down, turning, or
stopping—until an unbalanced force acts on it.

FIRST LAW OF MOTION
An object at rest

- will remain at rest,

unless a net force
acts on it.

An object in
motion will

_——
’__ Famain in
‘ »mn‘tlm unless a
net force acts on
it,

Figure 3.1: A ball demonstrating Newtons first law of motion. Newton’s First Law of Motion - Formula,
Examples, and Applications (geeksforgeeks.org)

Let’s look at the above picture. In the upper part, the ball is seen to be in a state of
rest. There is no external force in action, and there is no motion. This is a commonly
observable case. It would be unlikely for a stationary ball to move by itself without any
external force acting on it. Now, consider the bottom part of the image where the ball
has been kicked and is in motion in a straight line. Newton’s first law of motion claims
the ball must continue moving along a straight line unless an external force acts on it.
This may initially seem contrary to what is observed physically, which is that when a
ball is kicked it gradually slows down and eventually comes to a stop. This is because
there is an external force acting on the ball once it begins moving. This external force is
friction. The friction between the ball and the ground acts to oppose the motion of the
ball, slowing it down to an eventual stop. Were it not for friction, the ball would keep
on moving.
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1. Newton’s second law states that “the rate of change of momentum of a body
is directly proportional to the net force acting on the body and it acts in
the direction of the net force”.

2. Momentum is the product of a body’s mass and velocity. It is a vector quantity like
velocity. It is mathematically expressed as;

P=mv
Where P is momentum, m is the mass of the object and v is the velocity.

Momentum tells us how hard it would be to stop an object that’s moving. A heavier
object moving fast has more momentum than a lighter object moving slowly. This
means that the more momentum an object has, the more force would be needed to
bring it to a stop or change its direction.

Newton’s second law simply means a net force acting on a body changes its momentum
and the change in momentum acts in the direction of the net force. It can be expressed
as

p __mass *change invelocity mAv

change in time At

However,

Av

acceleration (a) =

, therefore; F = ma

400kg  Force

Figure 3.2: Moving two boulders of different masses

In the image above, a man is trying to push a boulder in two different cases. In the first
case, the boulder has a mass of 400 kg, and in the second, it weighs 40 kg. Since the
first boulder is much heavier, the man has to apply more force to get it moving (that is,
to change its velocity from zero to some other value). In contrast, in the second case,
he needs to use less force to accelerate the lighter boulder, as it weighs much less than
the first one.
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Newton’s third law states that “for every action, there is an equal and opposite reaction.”
This means that when two objects interact, they apply forces to each other that are
equal in strength but opposite in direction. For example, imagine a brick resting on a
table. The brick pushes down on the table with a force due to its weight. At the same
time, the table pushes up on the brick with a force equal to the brick’s weight, keeping
it balanced. This is known as the law of action and reaction (Newton’s third law of
motion).

Let’s look at a more interesting example. When you swim, you move the water
backwards, because of this, the water pushes you forward.

f"_'.-l—'- Water i Torce of inaclicn
e against the swimmer

<l

Swimarser i hand execied Dice
spaiead the waker

Figure 3.3: Action and reaction of swimming Newton's Third Law

Newton’s third law is fundamental to the operation of most aerospace propulsion
systems. They employ some “action and reaction” mechanisms to generate thrust.
These types of engines are called reaction engines.

Types of Aerospace Propulsion Systems

There are four main types of propulsion systems used on aerospace vehicles. They are:
1. Electrical Propulsion

2. Piston Engine

3. Gas Turbine Engine

4. Rockets

Electrical Propulsion

Electric propulsion in aircraft is an emerging technology that replaces conventional jet
or piston engines with electric motors powered by batteries, fuel cells, or other forms of
electric energy. This shift has the potential to significantly reduce emissions, noise, and
reliance on fossil fuels in aviation, making it a promising option for a more sustainable
future in air travel.


https://www.fisicalab.com/en/section/action-reaction-law
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Figure 3.4: Elektra Trainer Aircraft. Elektra Trainer - Elektra Solar

In electric propulsion, electric motors drive the aircraft’s propellers or fans to generate
thrust, similar to traditional engines. However, unlike conventional engines that rely
on fuel combustion, electric motors convert electrical energy directly into mechanical
energy. The motors are typically powered by onboard batteries, which store electrical
energy, or by fuel cells, which generate electricity through chemical reactions, usually
using hydrogen and oxygen.

Key Components of Electric Propulsion Systems
1.

71

Electric Motors: Electric motors provide the thrust needed to propel the aircraft.
They are designed to be highly efficient, lightweight, and simpler in design
compared with combustion engines. They may be brushed or brushless however
most manufacturers design electric aircraft around brushless motors because they
are more efficient.

Figure 3.5: Electric Motor

Battery Packs or Fuel Cells: Batteries store energy needed for flight, with lithium-
ion batteries currently being the most common. Fuel cells are also being explored
as a longer-range option, converting hydrogen into electricity. They may also be
fitted with battery management systems to monitor and manage performance.



https://www.elektra-solar.com/products/elektra-trainer-solar/
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Figure 3.6: Lithium Polymer battery pack File. NASA Lithium Ion Polymer Battery.jpg - Wikipedia

Power Electronics: These control the distribution of power from batteries or fuel
cells to the motors, managing the energy flow and ensuring efficient operation.

Thermal Management Systems: Electric propulsion generates heat, which
must be managed to prevent overheating of the motors and batteries. Cooling
systems are used to ensure optimal performance and safety.

Advantages of Electric Propulsion

1.

Environmental Benefits: Electric propulsion reduces or eliminates greenhouse
gas emissions associated with conventional aviation. Especially with renewable
energy sources charging the batteries, electric propulsion has the potential for
nearly zero operational emissions.

Noise Reduction: Electric motors operate much more quietly than jet engines,
reducing noise pollution around airports and in urban areas.

Lower Operating Costs: Electric propulsion systems are usually cheaper to
implement, especially on small UAVs. They require little maintenance to keep
them operational, and so have much lower operational costs.

Challenges in Electric Propulsion for Aircraft

1.

Battery Limitations: Current battery technology limits the range and payload of
electric aircraft. Battery charge energy density (the amount of energy stored per
unit of weight) is a critical factor, and advancements are needed to make long-
haul electric flights feasible.

Infrastructure Needs: Airports would need to adapt to support electric aircraft,
requiring charging stations, hydrogen refuelling for fuel cells, and maintenance
facilities specialised in electric systems.

Weight and Efficiency: Batteries and fuel cells add weight, and aircraft design
needs to balance the weight of the energy source with the aircraft’s range and
payload requirements. In aircraft that use combustion fuel, the fuel is burnt to
produce thrust. This means that the weight of the aircraft reduces throughout the
journey, thereby improving efficiency and range. This is not the case for electric
propulsion systems, which rely on batteries.


https://en.wikipedia.org/wiki/File:NASA_Lithium_Ion_Polymer_Battery.jpg
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The Future of Electric Aviation

While commercial electric airliners may still be years away, smaller electric planes are
already in operation, primarily in short-haul and training flights. Electric propulsion
holds the promise of reshaping the aviation industry, with long-term goals focused on
achieving carbon-neutral flights and reducing the environmental impact of air travel.
With continued advancements in battery technology, fuel cells, and efficient electric
motors, electric propulsion may soon power a new generation of sustainable aircraft.

Piston Engine Propulsion System

Piston engines, also known as reciprocating engines, have been a primary power source
for aircraft since the early days of aviation. These engines, which operate by burning
fuel to drive pistons within cylinders, are commonly found in smaller general aviation
aircraft, helicopters, and older aircraft types. These engines are similar to those found
in cars with some modifications to make them more suitable for flight. Some of these
modifications include the use of two ignition systems for redundancy and safety and
air cooling in place of liquid cooling to reduce weight, though some piston engines
may still use liquid cooling.

Although jet engines dominate commercial and military aviation today, piston engines
remain vital for smaller planes and helicopters due to their simplicity, reliability, and
cost-effectiveness. There are various configurations of piston engines. The arrangement
of pistons could be inline, horizontal, V-type or radial.

Indiree Eigina

Wb

Figure 3.7: Piston Engine Configurations. Straight and V-Type Engines Explained - saVRee
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Components of Aircraft Piston Engines

There are components of various types of piston engine. Let us now look at some
prominent and generic parts found on piston engines.

1.

Cylinder and Piston: Cylinders house the pistons and provide the chamber for
fuel combustion. Most piston engines have multiple cylinders arranged in rows or
radial patterns.

Crankshaft: The crankshaft converts the up-and-down motion of the pistons
into rotational motion to drive the propeller.

Spark Plugs: Spark plugs ignite the fuel-air mixture in each cylinder, a key part
of the combustion process.

Carburettor or Fuel Injection System: The carburettor mixes fuel and air
before sending it to the cylinders, while fuel injection systems deliver fuel directly
to each cylinder for improved efficiency.

Cooling System: Piston engines may use either air cooling, with airflow directed
over the engine, or liquid cooling, with coolant circulating around the engine parts.
Effective cooling is essential to prevent overheating and maintain performance.

Figure 3.8: Parts of a Piston Engine: Piston Engine Parts

How Piston Engines Work

Piston engines operate through a series of repetitive actions in their cylinders,
converting fuel combustion into mechanical energy to drive the propeller and create
thrust. The process typically follows these steps:

1.

Intake: The inlet valve opens, and the piston moves down, creating a vacuum that
pulls a fuel-air mixture into the cylinder.
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Compression: With both inlet and outlet valves closed, the piston moves up,
compressing the air to prepare it for combustion. Fuel is added to the compressed
air.

Power/Combustion: Still with both valves closed, the spark plug ignites the
compressed mixture, causing a small explosion that forces the piston downward.

Exhaust: The outlet valve now opens, and the piston moves back up to expel
exhaust gases out of the cylinder. Then the cycle begins again.

Engina

Figure 3.9: Operation of a four-stroke engine (Power Stroke Diagram)

This sequence, called the four-stroke cycle, repeats multiple times per second, creating
rotational motion in the engine’s crankshaft. The crankshaft, in turn, drives a gearbox
to which a propeller is coupled, producing thrust that moves the aircraft forward. There
are some piston engines that operate in only two cycles and hence are called two-stroke
engines. They are mostly used on small unmanned aircraft.

Advantages of Piston Engines in Aircraft

1.

Simplicity and Cost: Piston engines have a relatively straightforward design and
are cheaper to produce and maintain than gas turbine engines. This makes them
ideal for small aircraft and general aviation.

Fuel Efficiency: Compared with jet engines, piston engines are generally more
fuel-efficient at lower speeds and altitudes, where small planes typically operate.
This efficiency reduces operational costs.

Reliability: With fewer moving parts and well-established technology, piston
engines have a strong reputation for reliability, especially in the typical flight
conditions for small aircraft.

Ease of Maintenance: Piston engines are simpler to maintain, with many
standardised parts and accessible components, making them manageable for
private aircraft owners and operators.


https://stewart-switch.com/power-stroke-diagram
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Limitations of Piston Engines

1. Power and Speed Constraints: Piston engines are limited in power and are
less suitable for high-speed or high-altitude flight, where jet engines excel. This
restricts them mainly to small and medium-sized aircraft that operate at lower
altitudes.

2. Cooling Challenges: Air-cooled piston engines can overheat, especially in
warmer climates or during long flights at full power. While liquid cooling is
sometimes used, it adds weight and complexity.

3. Vibration and Noise: Piston engines generate significant vibration and noise,
which can impact passenger comfort and require additional soundproofing
measures.

4. Limited High-Altitude Performance: As is the case with air-breathing engines
in general, piston engines typically lose efficiency at high altitudes due to reduced
air density, though turbocharging can help counteract this to some extent.

Propellers

Propellers are a key component of many aircraft, used to convert the rotational power
generated by an engine into forward thrust. Found on both piston-engine and turboprop
aircraft, propellers operate by pushing air backwards, creating a reaction that moves
the aircraft forwards. While modern commercial airliners primarily use jet engines,
propellers are still essential for small planes, general aviation, and various types of
specialised aircraft due to their efficiency at lower speeds and altitudes. They are also
heavily used on drones and eVTOLSs.

How Propellers Generate Thrust

Propellers work on the principle of aerodynamic lift, similar to how an aeroplane’s
wings generate lift. Each propeller blade is essentially a small wing, with an aerofoil
shape designed to create a pressure difference as it moves through the air. When the
engine turns the propeller, the blades cut through the air, creating lower pressure
in front of the propeller and higher pressure behind it. This difference in pressure
generates thrust, propelling the aircraft forwards.

Propeller blades are usually twisted along their length to maintain efficiency, as the
blade tips move faster than the sections closer to the hub. This twist allows each part of
the blade to generate optimal lift, maximising thrust while minimising drag.
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Figure 3.10: Parts of a propeller INCH - Technical English | pictorial: propeller (inchbyinch.de

Types of Propellers

There are many types of propellers used in the aircraft industry. Below are the two
most common ones:

1.

Fixed-Pitch Propellers:

Fixed-pitch propellers have blades set at a fixed angle and cannot be adjusted in
flight. These are typically used in light aircraft and are simpler and more affordable,
but they limit performance flexibility as they cannot adjust to changing flight
conditions.

Figure 3.11: A fixed-pitch propeller Wooden Airplane Propeller Vintage - Free photo on Pixabay - Pixabay



https://inchbyinch.de/pictorial/propeller-r/
https://pixabay.com/photos/wooden-airplane-propeller-716734/

SECTION 3

CLIMATOLOGY

Variable-Pitch Propellers:

Variable-pitch propellers allow the pilot to adjust the angle of the blades, optimising
thrust for different phases of flight. This makes them more versatile and efficient
across a range of speeds and altitudes. The blades can be rotated into a position
parallel to the flow. This is useful if the engine fails as it minimises the drag on the
aircraft, allowing it to glide more efficiently. Some may also be rotated to generate
reverse thrust. This helps in slowing down the aircraft during landing and may be
used to move the aircraft in reverse while on the ground.

Figure 3.12: Variable pitch propeller
Effect Of Propeller Pitch Angle On An Airplane Thrust. | Science Fair Project Ideas (sciencefairprojects.in)

Activity 3.1

Demonstrating Newton’s Third Law of Motion

1.
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Using a balloon, demonstrate Newton’s third law of motion (law of action
and reaction).

Material needed: Balloon

Procedure:

a. Inflate the balloon.

b. Hold the inflated balloon at the neck to keep the air in.
C. Release the neck of the inflated balloon.

What was your observation, and how can it be explained using Newton’s
third law?

. Organise yourselves into small groups of no more than 5. In your groups, visit

Animated Engines - Four stroke, where you can see an animation of a piston
engine and read more about its operation. You may slow down the animation



http://www.sciencefairprojects.in/2013/10/effect-of-propeller-pitch-angle-on.html
https://animatedengines.com/otto.html
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to better observe the cycles of operation. Try to identify the parts of the
engine. What is the name of the mechanism that operates the valves?

3. Research the Internet to discover how a propeller spins to generate thrust.
Outline this process in your notebooks.

4. Perform a thrust test with a brushless DC motor in the laboratory. The
objective of this exercise is to test the thrust produced by a Brushless DC
(BLDC) motor under varying conditions in a laboratory setting.

Required Materials:

Brushless DC Motor (BLDC Motor)
Electronic Speed Controller (ESC)

Power supply (adequate voltage for motor)

Thrust measurement apparatus (Force sensor or thrust stand)

Tachometer (optional for RPM measurement)

Speed control interface (e.g., a potentiometer or computer interface)

Wattmeter (to measure power consumption)

Multimeter (to measure voltage and current)

Mounting hardware (for securing the motor and thrust sensor)

Personal protective equipment (PPE: Safety glasses, gloves, etc.)

Data logging equipment (e.g., computer or notebook for recording data)

Procedure

a. Set up the testing apparatus:

[

ii.

iii.

Mount and secure the BLDC motor to the thrust stand or the testing
rig using appropriate mounting hardware. Ensure that the motor is
positioned so that it can produce thrust along a single axis.

Connect the motor to the motor controller (ESC) and verify the motor
wiring according to the motor’s specifications (e.g., 3-phase connections
for a 3-phase BLDC motor).

Secure the battery in a position such that potential vibrations from the
motor do not move it. Ensure the battery is disconnected until you are
ready to begin the test.

b. Install the thrust measurement system:

L.

il.

iii.

Mount the force sensor in line with the motor’s axis to measure the
thrust produced. The force sensor should be oriented to measure linear
force (along the axis of thrust).

Ensurethatthe forcesensor is calibrated according to the manufacturer’s
instructions.

If using a tachometer, install it to measure the motor’s rotational speed
(RPM).

c. Initial Power and Speed Check:

L.

Power up the setup by connecting the battery. Ensure the motor controller
is receiving the correct signals from the speed control interface (e.g.,
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receiver or flight controller).

ii. Start the motor at a low speed (e.g., 10-20% of maximum speed).

iii. Look out for the direction in which the motor is spinning. Ensure it is
spinning in the desired direction, whether clockwise or counterclockwise.
If it is spinning opposite to the intended direction, switch any two of the
three connections between the ESC and BLDC motor. For a brushed
motor, a simple reversal of polarity should do the trick.

iv. Now, disconnect the battery again and mount your propeller. The
propeller should be properly inspected for cracks and deformities. It
should be mounted firmly in conformity with the spin direction of the
motor and the intended thrust direction. Ensure that the propeller is
free to move unobstructed. Also remove surrounding loose material
to prevent them from being sucked into the airstream of the propeller
when it begins to spin.

d. Perform the thrust test:

i. Reconnect the power to the setup.

ii. Gradually increase the speed of the BLDC motor in increments (e.g.,
10%, 25%, 50%, 75%, and 100% of maximum speed).

iii. Ateach speed increment, record the thrust measured by the force sensor.
Ensure that the motor reaches a stable speed before recording the thrust
data.

iv. Record the motor’s speed (RPM), thrust (in Newtons), and power
consumption (voltage and current) at each increment.

v. If available, log data using a computer interface or data logging
equipment to automate the process of collecting readings.

e. Data Collection:

i. Record the following at each speed setting:
« Speed of the motor (RPM)
« Thrust produced (N)
« Voltage and current (V, A)
» Power

ii. Ensure that measurements are recorded at a steady state for each speed
increment. This can be achieved by waiting for about 10-20 seconds
after each throttle increment before recording. This is to give the system
enough time to reach a steady state. Table 3.1 can be used as a template
for recoding the data.

Table 3.1: Data recording template
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Motor type Propeller ~ Throttle  Voltage  Current  Power (kW) Thrust(g) RPM

(%) V) (A)

10

20

25

30

40

50

60

70

80

90

100

f. Data Analysis:

Plot graphs to analyse how thrust changes with respect to motor speed and
power input.

i. Plot Thrustvs. Motor Speed (RPM).
ii. Plot Thrust vs. Power Input (W).

g. Repeat Test (if necessary): Repeat the test under different conditions,
such as varying the voltage supplied to the motor or testing with different
propellers to observe changes in thrust generated

Safety Considerations

- Wear appropriate safety gear: Safety glasses, gloves, and closed-toe shoes
must be worn.

« Use fresh propellers: It is safe to use new propellers when conducting a thrust
test as they are less likely to have cracks and imperfections which may cause
incidents when spinning.

« Check for overheating: Monitor the motor, controller, and power supply for
signs of overheating. If any component becomes excessively hot, stop the test
immediately.

« Secure components: Ensure that all parts are firmly secured, especially the
motor and thrust measurement system, to avoid any accidental disconnections
or loose components during testing.
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« Work in a well-ventilated area: BLDC motors and controllers may generate
heat during operation, so proper ventilation is necessary.

Questions for Group Discussion

1. How does the thrust vary with changes in the motor’s speed?

2. Was there a point where the motor’s thrust began to plateau despite an
increase in speed? What might explain this behaviour?

3. How could you improve the setup for more accurate thrust measurements in
future tests?

4. Were there vibrations in the setup? What could have caused these vibrations,
and how can they be reduced?

PRINCIPLES AND TYPES OF PROPULSION

Gas Turbine Propulsion Systems

Gas turbine engines are a type of internal combustion engine widely used in aviation
to power commercial airliners, military aircraft, helicopters, and even some small
aircraft. These engines are known for their ability to generate a large amount of thrust
and operate efficiently at high speeds and altitudes, making them ideal for fast and
long-distance flight. Gas turbines are classified into several types, including turbojets,
turbofans, turboprops, and turboshafts, each with unique characteristics tailored to
different kinds of aircraft and flight requirements.

How Gas Turbine Engines Work

A gas turbine engine works by drawing in air, compressing it, mixing it with fuel, and
igniting the mixture to produce high-temperature, high-pressure gases. These gases
then expand and accelerate as they exit the engine, generating thrust. This process is
broken down into four main stages:

1. Intake: Air is drawn into the engine through the intake, where it is directed into
the compressor.

2. Compression: The compressor, typically a series of rotating blades, compresses
the incoming air, increasing its pressure. Compressing the air also raises its
temperature and density, preparing it for combustion.

3. Combustion: The compressed air is mixed with fuel in the combustion chamber
and ignited. This combustion generates a high-energy, high-pressure gas which
expands rapidly.

4. Exhaust/Turbine: The hot gases pass through a turbine, which extracts some of
the energy to drive the compressor and other engine components. After passing
the turbine, the remaining high-speed gases exit the engine through the nozzle.
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The exit of the high-speed gas through the nozzle produces a reaction force on the
engine. This reaction force is the thrust.

This continuous cycle of intake, compression, combustion, and exhaust allows the
engine to produce a steady stream of thrust.

Types of Gas Turbine Engines

1. Turbojet: Air enters the engine through guide vanes. The air then goes on to
the compressor stages, where it is compressed. The compressors could be axial
or radial. Once compressed, the air enters the combustion chamber. In the
combustion chamber, fuel is added to the compressed air and ignited. The gases
expand rapidly, turning the turbine and exiting the propelling nozzle at high speed
to create thrust. Turbojets are the most basic form of jet engines. They are more
efficient at high speeds and altitudes but are relatively noisy and less fuel-efficient
at lower speeds. They are typically used in high-speed military aircraft and older
jet models.

INTAKE COMPRESSICN COMBURTION ExmALRT

Coold Saciion Hl Repcticn

Figure 3.13: A turbojet engine

2. Turbofan: The most common type of gas turbine engine in commercial aviation,

a turbofan, features a large fan at the front that pushes additional air around the
engine core. This bypassed air (not used in combustion) generates extra thrust
and reduces noise. Turbofans are more fuel-efficient than turbojets and are well-
suited for commercial airliners and transport aircraft. Even some military jets use
turbofan engines.
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Figure 3.14: Turbofan engine with bypass
How does a jet engine work? (innovationdiscoveries.space



https://innovationdiscoveries.space/how-does-a-jet-engine-work/
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Turboprop: Turboprop engines use a gas turbine to drive a propeller
rather than relying solely on exhaust gases for thrust. It combines the
jet engine’s efficiency at high speeds with the propeller’s efficiency at
low to medium speeds, making it ideal for regional and military aircraft.
They are highly efficient at lower speeds and altitudes, making them ideal for
regional and commuter aircraft. The propeller generates most of the thrust, while
the exhaust gases provide some additional thrust.

Figure 3.15: Turboprop engine

Turboshaft: Turboshaft engines are similar to turboprops but are designed to
transfer nearly all of the turbine’s power to a shaft rather than generating thrust
through exhaust. These engines are commonly used in helicopters. Air is drawn
into the engine through the intake. The compressor compresses the incoming air,
increasing its pressure and temperature. The compressed air is mixed with fuel in
the combustion chamber and ignited, resulting in a high-energy airflow. The high-
energy airflow passes through the turbines. The first set of turbines (gas generator
turbines) drives the compressor, while the second set (power turbines) drives the
output shaft. The shaft connected to the power turbine delivers mechanical power
to drive rotors, propellers, marine vessels or generators. The remaining gases are
expelled through the exhaust.

Power shaft

Free (power) urbine

Figure 3.16: Turboshaft engine
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Benefits of Using Gas Turbine Engines

1. High Thrust-to-Weight Ratio: Gas turbines produce large amounts of thrust
relative to their weight, making them efficient for high-speed, long-distance travel.

2. Efficiency at High Altitudes: Gas turbines perform well at high altitudes, where
the air is thin. This makes them suitable for commercial and military aircraft flying
at cruising altitudes.

3. Smooth and Continuous Power: Unlike piston engines, gas turbines operate
with fewer vibrations, providing a smoother flight experience for passengers.

4. LongService Life: With fewer moving parts and less internal friction, gas turbines
are highly durable and reliable, which is ideal for frequent, long-haul flights.

5. Adaptability: Gas turbines can be adapted for various applications, from powering
commercial jets and helicopters to generating electricity in power plants.

Challenges Associated with Gas Turbine Engines

1. Fuel Consumption at Low Speeds: Gas turbines are less fuel-efficient at low
speeds, which is why they are primarily used for high-speed and long-distance
flights rather than short-haul trips.

2. High Operating Costs: The materials and precision manufacturing required
for gas turbines make them expensive to produce and maintain, contributing to
higher operating costs.

3. Noise: While turbofan engines are quieter than turbojets, gas turbines generally
produce significant noise. Advanced technology has reduced this in recent years,
but noise still remains a challenge in some applications.

4. Complex Maintenance: Gas turbines require highly skilled maintenance to
ensure theirreliability and safety. Components are exposed to extreme temperatures
and pressures, so regular inspections are necessary.

Researchisongoing to make gasturbine engines more fuel-efficientand environmentally
friendly. Advancements include the development of geared turbofans, which allow
the fan and turbine to operate at optimal speeds independently, further improving
efficiency. Hybrid-electric systems, which combine gas turbines with electric motors,
are also being explored to reduce emissions and fuel consumption. Additionally,
hydrogen fuel and biofuels are being investigated as alternatives to conventional jet
fuel. With continued innovation, gas turbine engines will remain a core technology in
aviation, contributing to the drive toward a more sustainable and efficient air travel.

Rocket Propulsion

Rocket propulsion is a method of generating thrust by expelling mass (exhaust gases)
at high speed in the opposite direction of desired movement, enabling rockets to propel
forward according to Newton’s third law of motion: “For every action, there is an equal
and opposite reaction.” Rocket propulsion systems are unique because they carry both
the fuel (for energy) and the oxidiser (for combustion), allowing them to operate in
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the vacuum of space where there is no atmospheric oxygen. This feature sets rocket
propulsion apart from other forms of propulsion, like gas turbine and piston engines,
which rely on atmospheric air for combustion.

How Rocket Propulsion Works

Rocket engines operate by combining fuel and an oxidiser within a combustion
chamber, where they react to produce extremely hot, high-pressure gases. These gases
are then forced through a nozzle, accelerating them to high speeds and producing
thrust in the opposite direction.

CHABKSE H

PROPELLING
NOZZLE

Figure 3.17: A rocket. Maybach: 1 Basic Mechanics

The key parts of a rocket engine are:

1. Propellant Tanks: These tanks store both the fuel and oxidiser. Depending on
the rocket, the propellants can be in liquid or solid form.

2. Combustion Chamber: This is where the fuel and oxidiser mix and burn,
creating hot gases that build up pressure. The ignition system is used to ignite the
fuel and oxidiser.

3. Nozzle: The nozzle accelerates the expanding gases as they exit the engine,
focusing them to produce a high-speed jet that generates thrust.

86



https://maybach300c.blogspot.com/2012/07/1-3.html
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Types of Rocket Propulsion

1.

Chemical Rocket Engines: These engines are the most commonly used in space
applications and launch vehicles. Chemical rockets can use either liquid or solid
propellants. In these solid rocket engines, the fuel and oxidiser are mixed into a
solid form. Once ignited, solid rocket fuel burns until the propellant is exhausted.
They are simple, reliable, and provide high thrust but lack the ability to be throttled
or turned off mid-flight. Liquid Rocket Engines use liquid fuel and oxidiser stored
in separate tanks, which are pumped into the combustion chamber. Liquid rockets
offer control over thrust levels, allowing throttling, restarting, and shutting down,
making them ideal for precise space manoeuvres.

Electric Propulsion: Electric rockets, such as ion and Hall-effect thrusters, use
electricity (often from solar panels) to ionise and accelerate a propellant, typically
xenon gas. These systems produce very low thrust but are incredibly efficient,
allowing spacecraft to carry smaller amounts of fuel for long-duration missions.
Electric propulsion is suitable for deep-space missions but not for launching from
Earth’s surface.

Nuclear Thermal and Nuclear Electric Propulsion: Nuclear propulsion
systems are in experimental stages. Nuclear thermal rockets use nuclear reactions
to heat a propellant, such as hydrogen, and expel it at high speeds to generate
thrust. Nuclear electric propulsion uses nuclear power to generate electricity,
which then powers an electric thruster. These systems have the potential for high
efficiency and are ideal for long-duration missions beyond Earth’s orbit.

Operation of Various Types of Gas Turbine Engines

1. In small groups, watch animation videos of how various types of gas turbine

engines operate. While watching the video, note the following:

a. Identify notable parts of the gas turbine engines
b. Outline the various functions of these parts

Discuss your answers with your peers in a class discussion.
Video 1
Video 2

. In small groups, watch videos on how simple water rockets are made. While

watching the video, make a note of the following:

a. Identify the notable parts of the rocket
b. Outline the various functions of these parts

Discuss your answers with your peers in a class discussion.
Water rocket 1
Water rocket 2


https://www.youtube.com/watch?v=L24Wf0VlTE0
https://www.youtube.com/watch?v=KjiUUJdPGX0
https://www.youtube.com/watch?v=9chebyepOdo
https://www.youtube.com/watch?v=56v6cJryLvQ
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3. In groups, source locally available materials to build and launch your
own water rocket. Some basic materials required are plastic bottles, water,
cardboard for fins and a bicycle pump. Document your observations for a
discussion with your class.

Notes and Guidelines

a. Be careful when using sharp and pointy tools.

b. Keep your nose away from super glue if you have to use it. Direct
inhalation may cause drowsiness.

c. Water rockets can produce powerful launches. Ensure everyone, except
the one launching, stays 30 metres away from the launch spot. Guide
rails may be used to guide the rocket up during the launch.

4. Your teacher will organise a visit to an aircraft maintenance facility to learn
from the maintenance technicians through a class presentation about how
gas turbine engines operate. Don’t forget to document your observations! (If
it is not possible to organise a visit to an aircraft maintenance facility, you
could watch these videos on the subject instead:

Aircraft maintenance 1
Aircraft maintenance 2
Aircraft Maintenance 3
5. Organise yourselves into a small group of no more than five. Discuss the
reason(s) for the dominance of rocket engines in spacecraft propulsion
systems. Follow these headings to structure your discussion:
Fundamental Principles of Rocket Propulsion
High Efficiency in Vacuum Environments
Fuel and Energy Considerations
Manoeuvrability and Control in Space
Historical Development and Engineering Advancements
Limitations of Alternative Propulsion Systems
Reliability and Proven Success of Rocket Engines
Economics and Infrastructure for Rocket Propulsion
Future Prospects and Innovations in Rocket Engine Technology
j- Environmental and Sustainability Factors in Rocket Propulsion

L NI

o
.

Create a PowerPoint presentation to present your learning.


https://www.youtube.com/watch?v=L24Wf0VlTE0
https://www.youtube.com/watch?v=kz5kv0RfeUc
https://www.youtube.com/watch?v=BodpRrn0iOI

SECTION 3

CLIMATOLOGY

CALCULATING THE THRUST OF JET ENGINES

The primary requirement of any propulsion system is to be capable of providing enough
thrust to propel the aircraft throughout its entire flight and during all manoeuvres.
Aircraft designers therefore need to be able to quantify the thrust that a jet engine
produces. The law of conservation of matter and momentum and Newton’s third law
of motion are used in finding a theoretical solution to finding the thrust of a jet engine.
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Figure 3.18: A jet engine
P_is the pressure of the atmosphere
P_is the pressure at the exhaust
A is the area of the inlet
A _is the area of the exhaust
p is the air density
m_is the mass flow rate of air entering into the engine
m_is the mass flow rate of gases out of the exhaust
. is the mass flow rate of fuel into the combustion chamber
U, is the inflow velocity
U, is the exhaust velocity

The law of conservation of matter states that “matter cannot be created nor destroyed
(exceptin anuclear reaction”). By this principle, we can say that the total mass entering
the engine should be equal to the total mass exiting the engine at any point in time.
And since air and fuel are the only substances going into the engine and the exhaust
gas is the only substance coming out of the engine, we can express this deduction
mathematically as:

m = m_ + m
e f a
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This means that the mass of air and fuel going into the engine at any point in time
should be equal to the mass of exhaust gases coming out of the engine at any point in
time.

When air enters the engine its momentum forces the engine backwards, just like the
wind will exert a force on a flat surface like a billboard. This force acts opposite to the
direction of the thrust force and is called ram drag. It is quantified by the product of the
mass flow rate and velocity of the incoming air. We can express it as:

D =-mu

ram

It is given a negative sign because it acts against the direction of thrust.

Inside the engine, fuel is added to the air and burned. The air-fuel mixture exits the
engine at high velocity through the exhaust nozzle. This creates a reaction force on the
jet engine. This reaction force is the main contributor to the thrust produced by the jet
engine and is called the absolute thrust. It is a product of the exhaust velocity and the
sum of the mass flow rate of exhaust gases. Mathematically expressed as:
Tabs = me Ue

The vector sum of the absolute thrust and the ram drag, when using the desired
direction of T as the positive sign convention, is

IT=T,6 -D

abs ram
T=m U-n_u
e e a 1
The difference in exhaust pressure and ambient pressure contributes some amount to

the thrust. This is called the pressure thrust. Taking the pressure thrust into account,
the thrust equation becomes:

T=mi U-1 U+ (P,~P)A,

Example 3.1

A jet engine has a circular inlet diameter of 1.2m and exhaust diameter of 0.45m. The
mass flow rate of the ram air is 50kg/s. Fuel is being injected into the combustion
chamber at 6kg/s. The ambient pressure is 101.3kPa and the pressure at the exhaust is
115.0kPa. If the air intake is 150m/s and the exhaust velocity is 600m/s,
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Figure 3.19: Jet engine analysis

a. Calculate the exhaust mass flow rate.

b. Calculate the ram drag.

c. Calculate the thrust force.

Solution

a. Using the law of conservation of matter, we can say that the mass entering the
engine must be equal to the mass exiting the engine at any point in time. This
means that the mass flow rate of the exhaust velocity is equal to the sum of the
mass flow rate of the intake air and the mass flow rate of the injected fuel.
Where m_is the mass flow rate of air, m_is the mass flow rate of the exhaust gases
and m, is the mass flow rate of the fuel.

b. The ram drag is caused by the incoming air ramming into the engine. It is the
product of the incoming air’s mass flow rate and its velocity.

c. Using the thrust formula;

where;
m_= 56kg/s
m_= 50kg/s
U, =150m/s
U, =600 m/s
P =101.3kPa
P_=115.0kPa

The cross-sectional area of the exhaust is not explicitly stated in the question; however,
it can be determined using the diameter of the exhaust which is mentioned in the
question.

A =nr*=m ¢ _ &

¢ 22 4
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2
A =1 0.45

e

Substituting into the thrust equation;
T = (56)(600) - (50)(150) + (115000 — 101300)(0.159)
T = 33600 - 7500 + (13500)(0.159)
T =26100 + 2146.5
T =28246.5 N

Solve Real-life Problems on Absolute Thrust of an Engine

1. Solve the following:

a. An aircraft jet engine expels gases at an exhaust velocity of 600 m/s. If
the mass flow rate of the exhaust gases is 50 kg/s, calculate the absolute
thrust of the engine.

b. A jet engine has an exhaust gas velocity of 700 m/s and air mass flow of
60 kg/s. The nozzle exit area is 0.5 m2, with an exhaust pressure of 200
kPa and an ambient pressure of 100 kPa. Assuming the mass flow rate of
fuel is 3kg/s, calculate the total thrust.

c. Suppose a jet engine is designed to operate with a variable mass flow
rate m_to adapt to different thrust requirements. If the exhaust velocity
remains constant at 700 m/s, calculate the required mass flow rate to
produce 10,000 N, 20,000 N, and 30,000 N of thrust, respectively.

2. In small groups, discuss the terms in the thrust equation and explain how
they were derived.

a. absolute thrust
b. the ram drag
c. pressure difference
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CALCULATING THE THRUST OF ROCKET
ENGINES

Rocket engines are used predominantly in space propulsion systems, particularly
because they are not air-breathing engines. They carry their fuel and oxidiser and
hence can operate in a vacuum. This ability greatly simplifies the thrust equation of
rockets because, unlike jet engines, they have no ram drag component and hence all
the thrust is contributed by the reaction from the exhaust gases and the difference
between exhaust pressure and ambient pressure.

The absolute thrust is

where:

T is the thrust force in Newtons (N),

m_is the mass flow rate of the exhaust gases in kg/s,

v, is the velocity of the exhaust gases in m/s.

This is the reaction force generated due to the exhaust gases coming out of the nozzle.

Like the jet engine, the difference between the ambient pressure and the exhaust
pressure contribute to the net thrust that act on a rocket. The pressure at the exhaust
exerts an upward force (in the direction of the thrust) of magnitude:

Fupward = PeAe
The ambient pressure is distributed all around the rocket. Most of the forces created by
the ambient pressure acting around the rocket cancel out except those acting directly
over the area of the exhaust nozzle. This creates a downward force of magnitude:

upward =~ PaAe
The negative sign signifies that the force acts in a direction opposite to the selected
positive sign convention, which is upwards.

P, is the pressure of the exhaust gases in Pa,
P_is the ambient pressure in Pa,
A, is the area of the exhaust nozzle in m?

The net pressure thrust is:

=F + F

pressure upward downward

=PA-PA,

pressure

= (Pe - Pa )Ae

pressure
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Therefore, if the thrust contributed by the pressure differences and the thrust
contributed by the expulsion of exhaust gases at high speeds, we get the general thrust
equation.

T=niv, +(P,-P)A,

Example 3.2

A rocket engine expels gases at an exhaust velocity of 3,000 m/s with a mass flow rate
of 20 kg/s. Calculate the thrust produced by the rocket, assuming the pressure thrust
is negligible.

Solution:
We call on the thrust equation,
T=m,v, + (P, -P)A,

However, the question indicates the pressure thrust is negligible, hence, the thrust
equation reduces to

T= nie v,
T = 3000 x 20
T = 60,000 N

Example 3.3

A rocket engine has an exhaust velocity of 2,500 m/s and a mass flow rate of 15 kg/s.
The nozzle exit area is 0.3 m2, with an exhaust pressure of 250 kPa and an ambient
pressure of 150 kPa. Calculate the total thrust produced.

Solution:
The thrust equation is
T=mniv,+(P,-P)A,
This time we need to factor in the pressure difference.
T = (15 % 2,500) + (250,000 - 150,000) X 0.3
T = 37,500 + 30,000
T =67,500

Solve Real-life Problems

1. Write down the jet and rocket equations in full. Compare the two equations
and note their similarities and differences. What features of these engines
dictates these similarities and differences?
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2. Return to the water rocket that you built in the earlier activity. Vary the
amount of water and the pressure pumped. Observe how high the bottle rises
and relate that to the rate of change in momentum at the nozzle of a rocket.

3. Solve the following questions:

a. A rocket engine produces 50,000 N of thrust with an exhaust velocity
of 2,000 m/s. Determine the mass flow rate of the exhaust gases. Ignore
pressure differences (as being negligible).

b. A rocket engine needs to generate 30,000 N of thrust. If the mass flow
rate of the exhaust gases is 10 kg/s, what exhaust velocity is required to
achieve this thrust if the exhaust pressure is only 10 KPa greater than the
ambient pressure?

EXTENDED READING

« Aircraft Propulsion and Gas Turbine Engines by Ahmed El Sayed

«  Howdoes a #hydrogen fuel cell work? | what is #hydrogen fuel cell | #hydrogencell
explain
«  Rocket Propulsion Elements by George Sutton and Oscar Biblarz

«  WhatIs a Rocket? (Grades 5-8) - NASA



https://www.youtube.com/watch?v=a4pXAmljdUA
https://www.youtube.com/watch?v=a4pXAmljdUA
https://www.nasa.gov/learning-resources/for-kids-and-students/what-is-a-rocket-grades-5-8/

Review Questions

1. Inbrief, describe a reaction engine. Give two examples of reaction engines used in
modern-day aviation/aerospace travel.

2. Aside aircraft propulsion, name two other activities that make use of the law of
action and reaction.

3. A turbojet engine on an aircraft produces an exhaust gas velocity of 700 m/s with
a mass flow rate of 50 kg/s. At sea level, where the ambient pressure is 101.3 kPa,
the nozzle exit pressure is 150 kPa, and the nozzle exit area is 0.4 m2. The mass
flow rate of fuel is 2.8kg/s. Calculate the thrust at sea level if the intake velocity is
250m/s.

4. A rocket engine at sea level has an exhaust velocity of 2,800 m/s and a mass flow
rate of 25 kg/s. The nozzle exit area is 0.8 m2, and the exhaust pressure is 300 kPa,
with an ambient pressure of 101.3 kPa. Calculate the thrust at sea level.
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Aircraft Instrumentation

INTRODUCTION

This section contains information about aircraft instruments and flight data storage
equipment. You will learn about the principles of operation of several instruments and
the information they provide to pilots. You will also learn about the aircraft’s “black
box” which stores flight data and audio that helps accident investigators piece together
the events that led to an air crash.

Key Ideas

+ A measurement instrument provides us with a representation of the value of a physical
variable of interest

« Flight data recorders provide air crash investigators with information that helps them
determine the cause of the accident.

« The output of an instrument may be displayed to a human operator or recorded for
future analysis

FLIGHT INSTRUMENTS

Measurement systems or instruments provide information about the value of a
parameter of interest. The parameter of interest is called the measurand whiles the
instrument output is often just referred to as the measurement.

Aircraft instruments provide the pilot with information about the state of the aircraft
and its subsystems. We will learn about the basic flight instruments, which measure
parameters directly related to the flight of the aircraft and that help the pilot