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SCIENCE SKILLS
HEAT

An academic skill required for the study of the
Construction Trades: Structures

INTRODUCTION

As the price of oil, gas and electricity rises, the cost of heating and cooling buildings goes up.
The building code contains many regulations that reflect the need to reduce the use of non-
renewable resources.

During construction, insulating materials must be carefully selected and installed to keep heat
loss from the building to a minimum. In a well insulated home the flow of heat is controlled so
that as much heat as possible remains inside the house. It also stays cooler in summer. This
makes the house more comfortable to live in and less expensive to run. In contrast, a poorly
insulated building will continuously lose its heat to the outside. This loss of heat occurs because
heat always flows from a warmer area to a cooler one if there are no barriers to the heat flow.

To appreciate the building code requirements for energy efficiency, a construction worker should
have an understanding of what heat is and how it is transferred. This skills manual provides
information on the following concepts related to heat:

Energy, force and work

Heat and motion at the molecular level
Heat and temperature

Heat and physical states of matter
Thermodynamics

Transfer of heat

* & & & o o

ENERGY, FORCE AND WORK

Because heat is defined as a type of energy, we will look at the concepts related to energy.
¢ Motion is a continuing change of place or position.
¢ Force is anything that produces motion or tries to do so. It is felt by the object to which it
is applied as a push or pull.
¢ Work is done when a force acts on matter and changes its motion or position.
¢ Energy is defined as the ability to do work

Energy in an object can be stored as the potential to move or, if released, energy can cause
motion. These two types of energy are called potential energy and kinetic energy
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¢ Potential energy is stored energy. An object with stored energy has the potential ability
to do work at a later time.

¢ Kinetic energy is the energy of motion. When a force is applied to an object and it results
in the object moving, work is done.

Motion

In science, most changes that happen to both molecules and larger objects are described in terms
of changes in the object’s motion. The concept of motion is an important part of the definitions
of energy, work and force.

The way objects behave can be reduced to a description of how they move. There are rules that
describe how an object behaves when it is in motion or at rest. Things move according Newton’s
Laws of Motion:

1. The first law states that an object will stay at rest or in uniform motion unless some force
acts upon it. This property of objects is called inertia.

2. The second law states that the acceleration (rate in change of velocity) of an object
becomes larger if the force acting on it increases. If the force remains the same, the
acceleration becomes smaller if the mass of the object increases. The acceleration is in
the same direction as the applied force.

3. The third law states that whenever one body exerts a force on a second body, the second
body exerts an equal and opposite force on the first.

HEAT AND MOTION AT THE MOLECULAR LEVEL

How does the concept of kinetic energy relate to heat? At the molecular level, heat and motion
are basically the same thing. Heat energy of an object is expressed as the motion of molecules
that make up that object.

¢ All molecules have some heat energy, and so they have some kinetic energy or motion.
e When sunlight is absorbed by an object, the potential energy in the sunlight
changes to kinetic energy in the molecules of the object.
¢ The more heat energy that molecules have, the more they vibrate or move around.

In brief:
¢ Heat is a form of energy.
¢ Heat absorbed by the molecules forming an object causes the molecules to move or
vibrate more vigorously.
¢ On the molecular level, heat energy is kinetic energy or the motion of molecules.

Note: While we are focusing on heat energy, it is important to realize that energy can exist in
forms other than heat. Additional forms of energy include light, sound, electrical, chemical,
mechanical and nuclear energy. All energy forms can change from one to the other.
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HEAT AND TEMPERATURE

Our Perception of Heat
When heat is absorbed by an object, the molecules which form the object move more vigorously.

e When you touch very hot water, that heat energy is transferred to the molecules of your
skin. Your nerves send a message to your brain where the sensation of vibrating skin
molecules is perceived as heat.

e If heat causes too much motion in skin molecules, the skin tissues break down. We say
the skin is burned. From a safety point of view, our skin is only comfortable at a certain
range of temperatures. If we are exposed to temperatures that are too high or too low, our
skin and, eventually, our whole body can be damaged. That is why you wear protective
clothing when you are exposed to the high heat of a welding torch.

Measuring Temperature

The amount of heat in an object is the amount of kinetic energy or motion in the molecules that
form it. To refer to the amount of heat an object has, we say it is hot or cold. Cold is considered
merely the absence of heat. However, it is still handy to use the terms hot and cold when
discussing relative amounts of heat.

To get an accurate measure of the amount of heat an object has, we record its temperature.
Temperature is a measure of the average kinetic energy or heat in the molecules of an object.

Absolute zero is a state where all motion in molecules ceases and so all heat disappears.
Although scientists have come close to absolute zero, it has not yet been reached. Any amount of
heat above absolute zero can be measured.

e Absolute zero is measured using the Kelvin scale, which starts at zero.

The more kinetic energy and, accordingly, the more heat the molecules of an object have, the
higher its temperature. The temperature of a substance is measured using a recording device
called a thermometer.

e Most temperature scales on a thermometer are based on the freezing and boiling point of
water.

e Mercury is commonly used because it expands and contracts at a constant rate as the
temperature rises and falls.

e Mercury is placed in a narrow glass tube that has a scale written on the tube.

e As the temperature of the air, or whatever is being measured, rises or falls, the mercury in
the tube rises or falls a similar amount through the scale of values.

e When you want to know the temperature, you look at where the mercury has risen on the
scale.

e The number on the scale at the level of the top of the mercury gives the temperature of
the substance.
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The two most common scales used to indicate the temperature are the Fahrenheit scale (F) and
the Celsius scale (C). In the Fahrenheit scale, water freezes at 32°F and boils at 212°F. In the
Celsius scale, water freezes at 0°C and boils at 100°C. A comfortable room temperature is
around 72°F or 23°C.

Thermal Expansion

Most solids and liquids expand slightly as the temperature rises and they contract slightly when
the temperature falls. When solids are heated, they increase in length, width and thickness. The
increased thermal energy causes their atoms or molecules to vibrate more vigorously and move
farther apart from each other, although the amount of movement is not great. This thermal
expansion has positive and negative consequences:

e A thermometer can record the temperature because the mercury in the tube expands and
contracts in a consistent way as the temperature rises and falls.

e Expansion joints are needed in structures to take into account the slight shifts in size that
occur because of temperature changes.

Water is an important exception to this rule. Water expands with a tremendous force as it
changes from a liquid to ice. Ice has a regular, open crystal structure. The individual water
molecules are held further apart in solid ice than in liquid water, so ice has a larger volume than
liquid water.

o |f the heat goes off in a building in the winter, water in pipes can freeze and then burst the
pipes.

e The freeze and thaw cycle of water can even crack radiators if they are not protected by
antifreeze.

Almost all other solids increase in length, width and thickness when heated. Different metals of
the same length expand by different amounts for the same increase of temperature. This increase
in length is called the thermal expansion of the metal. If the length of a metal rod is measured
before and after it is heated, the change in its length can be recorded.

e Analuminum rod 1 meter long heated so that its temperature increases by 1°C will
increase its length by 2.3 x 10  (.000023) meters.

e Aniron rod the same size heated the same amount only increases in length by 1.1 x 10
(.000011) meters.

The change in unit length of a metal when its temperature is changed 1° C is called its coefficient
of linear expansion. See Figure 1.
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An aluminium rod will expand more than a steel rod when both are heated

Aluminium rod

Area of expansion

/

Steel rod [ ||

FIGURE 1: Aluminium and Steel Have Different Coefficients of Linear Expansion
Thermal expansion explains how a bimetal thermostat works.

e A bimetal thermostat consists of a strip formed from two separate pieces of metal such as
brass and iron.

e When the thermostat is heated, the two metals each expand by a different amount. This
causes the strip to curl a little.

e When the strip curls, it bends and opens the contact where the current had been running.

e When the contact is open, the current can no longer flow and the heat is switched off.

When you work with metals that will be exposed to temperature changes, the expansion and
contraction of the material must be taken into consideration. If more than one metal is used, the
different rates of expansion and contraction of each of the metals must also be accounted for.

HEAT AND PHYSICAL STATES OF MATTER

The amount of heat a substance has influences its physical properties. The amount of kinetic
energy or movement in the molecules of a substance at a certain temperature determines whether
the substance is a solid, liquid or gas at that temperature.

Molecules in a solid state have relatively low kinetic energy; the attracting forces that bond them
together are strong enough to hold them in place with a definite shape and volume.

When molecules in a solid state gain enough heat, they move faster, which loosens the forces
that hold them firmly together. They then exist in a liquid state. Although the molecules still
remain close to one another, they can flow and glide over each other. Because of this flowing
motion, a liquid substance has a definite volume, but it takes the shape of its container.

As even more heat is absorbed by a substance in a liquid state, the movement of molecules
increases. It increases to such an extent that the bonds which hold liquid molecules together are
not strong enough to have any influence. The molecules, completely free from the bonding
forces, fly off as individual gas molecules. Gases have neither a definite shape nor a definite
volume. They expand to fill whatever space they are contained in.

Because gas molecules move randomly in all directions, they often hit and bounce off the walls
of their container. This causes the gas molecules to exert pressure on the walls.
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e Pressure is a term used to describe force measured over a definite area.

e There is a close relationship between the pressure and temperature of gas molecules. If
the temperature (or the amount of heat) is increased, the gas molecules move with more
energy. When they move with more energy, they exert more pressure.

At earth’s temperatures, all substances have a certain amount of kinetic energy that determines
their present state. Adding enough heat to any substance will change its physical state.

¢ Every substance has its own specific temperature at which it changes from a solid to a
liquid to a gas, and back again.
e Itdoesn’t take a lot of heat to change a solid chunk of ice to liquid water.
e It takes a tremendous amount of heat to melt metals like iron and chromium into a
molten or liquid state.

THERMODYNAMICS

Heat (or molecular motion) is involved in some way in all interactions that take place on earth.
Before the discovery of electricity, heat energy from machines such as steam engines was the
main source of energy used to produce mechanical work. Because of the importance of heat
energy, scientists studied the dynamics of heat and its transformation into work.

Thermodynamics is the study of heat; its production, flow and conversion into other forms of
energy.

Example: A vehicle engine illustrates the production, flow and conversion of heat
energy. In a truck engine, the explosion of fuel molecules results in a large amount of
heat being released (production). The heat drives the gas molecules apart (flow). The
pressure from the rapidly expanding gas molecules drives the piston up and down. The
moving piston changes the heat energy to mechanical energy used to drive the vehicle
(conversion).

The Four Laws of Thermodynamics summarize some ideas about how heat reacts in different
situations.

1. No heat flows between two bodies that are at the same temperature.

2. When heat is converted to work, some of the heat energy is not transformed to
mechanical energy but is given up to the atmosphere.
e When steam drives a piston, most of the heat is converted to mechanical energy, but
some of the heat escapes into the air and warms the atmosphere. The total amount of
energy present before the transformation is the same as after.

3. Heat flows “downhill” from an object at a higher temperature to an object at a lower one.
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e Two objects in a closed system will eventually reach the same temperature. A cold spoon
put in a cup of boiling water will gain heat from the water and become hot to the touch.
At the same time, the hot water will become cooler. See Figure 2.

If two objects are the same temperature no heat flows between them.

10°C — 10°C

Both objects are
Spoon at 20°C is now at 70°C
put in coffee

—

v

Coffee at 90°C ~— —

Two objects are at different temperatures. Heat flows from the hot coffee to
the spoon until they are at the same temperature. Eventually both coffee
and spoon will be at room temperature.

FIGURE 2: Heat Flows “Downhill”’

4. A temperature of absolute zero, the lowest possible temperature in the universe, is the
point at which all molecular motion ceases. Absolute zero is measured using the Kelvin
scale. 0° Kelvin is absolute zero.

Let’s look more closely at the different ways heat moves from a warmer area to a cooler one.
TRANSFER OF HEAT

Radiation is the transfer of heat through space by electromagnetic waves. The sun’s intense
activity causes it to radiate electromagnetic waves of different wavelengths. Infrared radiation is
the wavelength we are most likely to feel as heat. These waves can travel through empty space,
and don’t need a solid, liquid or gas material to move through. When they come in contact with
an object, the infrared waves impart Kinetic energy to the molecules of that object, causing those
molecules to vibrate and heat up.
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We feel this radiation as heat on our skin. When out in the sun, our skin molecules vibrate more
quickly and become warmer when the sun shines on them. Infrared heat waves from the sun are
the ultimate source of energy on earth.

Any object that is hot emits infrared radiation.

e A flame, an electric heater and a hot engine radiate heat that is quite noticeable. We feel
this radiation as heat on our skin.

e When we are out in the sun, or near a heater, our skin molecules vibrate more quickly and
become warmer.

Because all objects have some heat, they all radiate some heat. However, if they are cooler than
their surroundings, they will gain more than they lose.

e If acold sheet of metal is brought into a warm room, the steel will radiate some energy
into the room but it will absorb a lot more from the warm air. Eventually, it will reach the
same temperature as the room. The first law of thermodynamics remains true because the
metal sheet ends up as warm as the room.

Infrared pictures show how much infrared radiation an object is emitting. These pictures are used
to see where a building is losing heat to the outside.

e Inan infrared picture of an area such as a window taken from the outside, the window
will look redder than the insulated wall because it is emitting more heat.

In winter, a room is warmed by solar radiation coming through a south facing window. The room
also loses heat, which is transferred to the cold outside through the glass. This happens because
glass isn’t a very good insulator. Whether the room becomes warmer or cooler depends whether
more heat is gained than lost.

When radiant heat comes in contact with an object, whether it is a solid wall, water in a pipe or
an air molecule, the heat is then transferred through conduction or convection.

Conduction of heat refers to the transfer of heat through solids by the spreading agitation of the
molecules which make up the object. If a solid object is heated at one edge by radiation from the
sun or an electric heater, the molecules there vibrate with more energy. The energy spreads to
neighbouring molecules until the whole object is at the same level of vibration or is at the same
temperature.

e Heat from the cylinder of an engine travels through the cylinder walls by conduction. The
heat from combustion causes the molecules on the inside wall to vibrate rapidly. This
agitation flows through the metal until the whole piece of metal is hot. The heat on the
outer surface is then dispersed by convection.
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e If asteel rod is heated at one end by radiation from a propane torch, the molecules at that
end vibrate with more energy. The energy spreads to adjacent molecules until the whole
object is at the same level of vibration or is at the same temperature.

e When we are out in the sun, or near a heater, our skin molecules vibrate more quickly and
become warmer.

Conduction is the main way heat moves from the inside of a wall to the outside. Different
materials transfer heat by conduction at different rates. For example, heat travels quickly through
glass, but a material such as Styrofoam or fibreglass is quite resistant to the flow of heat. See
Figure 3.

Insulation

Siding Glass

N

«— KR —
<— —
Little heat is conducted through the Most of the heat is conducted
siding, insulation and wallboard through a single pane of glass

FIGURE 3: Rate Of Conduction Varies With Different Materials

Convection is the transfer of heat energy from one place to another by moving molecules of
liquids and gases. For convection to occur there must be moving molecules.

e Air molecules coming in contact with a heat source, such as the burner of a furnace, pick
up heat from the hot surface. The air then moves through ducts into a room. The air will
come in contact with objects in the room, such as the wall, a window or a piece of
furniture. The heat is transferred from the air to the cooler surface.

Convection is influenced by two processes. Warm air is less dense than cold air and rises while
cool air sinks.
e If the heating ducts are on the floor, the warm air will move up and as it cools, it will then
sink back down. This movement of air molecules sets up a convection current in a room
that causes the air to circulate.
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e Water in a hot-water heating system picks up heat from the boiler and carries it through
the pipes to the rooms of the building. It then transfers its heat through the pipes to the air
in a room or to the floor if the pipes run below the floor. The larger the surface that the
pipes come in contact with, the more opportunity there is for heat to be distributed by
convection.

Heat moves throughout a solid object more easily than it moves from air to a solid object. The
more obstacles to the transfer of heat through a wall, the longer heat will remain in the inside of a
building.

e The air space in insulation slows the transfer of heat through the wall.
e A vapour barrier installed on the inside of the wall also slows the outward movement of
warm air.

e An air resistant building paper keeps cold air from infiltrating from the outside.

Windows are a significant source of heat loss in a building but they are now made to slow the
loss of heat through the glass.

e Asingle pane of glass can easily transfer heat to the outside.

e Double glazed windows with an air space between the two panes slows the outward flow
of heat. In a double pane window, the heat must be transferred through the first pane of
glass to the air, through the air space to the second pane and then out through the second
piece of glass. The trapped air provides better insulation than glass alone. However, the
air between the panes slowly moves in a convection current from the warmer pane to the
colder pane.

e Aninert gas such as argon doesn’t move as much. When it is used in double glazed
windows instead of air, there is less convection current set up to move the heat out.

e A thin, metallic low E film on the inside pane of a window also reduces heat loss as it
reflects heat back into the room.

CONCLUSION

The main source of heat is infrared radiation from the sun. All objects both absorb and radiate
heat. The amount of heat of a substance is the measurement of the kinetic energy of the
molecules of that substance. Heat is measured using a thermometer.

Heat normally flows from a hotter object to one with less heat. If heat can flow freely, it flows
“downhill” to the cooler air or object until all objects in an area are at the same temperature. Heat
can flow between objects by radiation, by conduction and by convection.

A construction worker needs to be aware of how heat is used in a building and how it moves
around. Materials vary in the rate they allow heat to be transferred. By using the appropriate
insulation and barriers, you can construct a building that keeps the heat where it is needed.
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Answer the following questions on basic thermodynamics by filling in the blank spaces.
Answers are on the last page.

1. Heatis a form of

2. The more an object has, the more quickly the molecules forming that object
vibrate.

3. When a metal rod is heated, it slightly in length. The change in length of
a metal when its temperature increases 1T is called its coefficient of linear expansion.

4. Heat flows downhill from an object at a temperature to one at a
temperature.

5. The transfer of heat through space in the form of electromagnetic waves is called

6. When heat is carried from one place to another by moving molecules such as air or water, the
heat transfer is called :

7. of heat refers to the transfer of heat which occurs as the result of the
agitation of molecules in a solid object. The heat moves from one area to the whole object.

8. Warm air rises; cool air . This produces a current.

Answer these questions by writing true or false in the blank spaces:

9. One type of energy, such as heat, can be transformed to another, such as mechanical
energy.

10. Temperature is the measurement of the amount of heat in a substance.

11. If one end of a solid is heated, the heat moves throughout the solid by the heat transfer
known as radiation .

12. Materials differ in the rate they conduct heat.
13. Heat will flow between two bodies at the same temperature.

14. If a cold spoon is put in a hot liquid, the two objects will eventually reach the same
temperature.
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Answer page

1. energy
2. heat
3. increases

4. higher, lower

5. radiation

6. convection

7. Conduction

8. sinks, convection
9. true

10. true

11. false

12. true

13. false

14. true
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