Sub-strand 1.4 :     The Earth as a Heat Engine
Learning Outcome
Upon successful completion of this sub-strand, students are able to demonstrate an understanding of the Earth’s internal capacity for producing heat and the mechanisms for releasing internal heat.
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The Earth as a Heat Engine
The Earth is a body of stored heat, radiating into space. This heat is associated with two things; one is that the very high temperature of the inner parts of the Earth are very high, and the other is the result of heat generated due to radioactive decay of material in the deep Earth. Were it not for the second of these factors the Earth would long ago have frozen solid -- it has had plenty of time to cool from its initial hot state. This internal heat causes the interior to be in continuous motion in a complex pattern of slow upwelling and down welling that is becoming clearer as seismic method. First, we need to review some basics about heat and how it moves around.

 

 Heat transport: some basics
Heat is a form of energy and is transported through the Earth. In general, the direction of heat flow is outward.

Heat energy is transported in the Earth by two primary mechanisms -

· Conduction - in which a body's temperature is raised in one place and heat flows to cooler areas by diffusion as the molecules in the body vibrate more vigorously. No material is transported by conduction, only heat. Heat is transported by conduction in the crust where the material is rigid and cannot flow, and the temperature gradient is high. Conduction is very efficient in some materials like metals, and inefficient in others like air. Inefficient conductors are called insulators.

 

· Convection - a circulatory motion of heated material. Liquids and other weak materials heated in one area (usually from beneath) experience such motion. We all have the common experience of watching water or soup move around in a pot on the stove when we heat it from below. In convection the moving material carries the heat. Generally, the convecting material also conducts heat at the same time, but the transport of heat by convection in a fluid is usually much more efficient than by conduction. In the Earth's mantle convection is the dominant mechanism of heat transport, although conduction takes place as well.

Other explanation of earth as heat engine.

The heat trapped within the Earth, which was generated during its formation billions of years ago and through the decay of radioactive elements, largely within rocks of the crust, is trying to escape, much like heat escapes out the top of a beaker of boiling water.
The heat in the interior of the Earth produces convection in the outer core and mantle.  Convection is the transport of mass by heat -- which affects the density (mass/volume) of material.  
To understand this concept -- consider the following question --
Why does a hot air balloon rise?
Heat produces an expansion of the air in the balloon making it less dense than the cool air outside of the balloon.  Remember density is mass per volume or
Density = mass/volume
Therefore, by heating the air, the volume of air increases, while the mass of the air stays the same, consequently the density must decrease. The earth's gravity field, then allows the less dense, hot air balloon to rise and the cool, surrounding air with a higher density to sink.
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Describe how heat is created in the interior of the Earth.

12ESC14.22

Tilustrate how heat leaves the interior of the Earth.

12ESC143.1

Explain why heat leaves the interior of the Earth.

12ESC14.23

Describe mechanisms for circulating heat: conduction, convection currents
and hot spots.

12ESC1432

Explain significance of heat circulation in the carth’s interior.
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12ESC1433

‘Explain the significance of producing heat in the earth’s interior

12ESC14.1.1

Identify evidence for internal heat: volcanoes, hydrothermal sources and
geysers.

12ESC14.4.1

Evaluate the effectivencss of hot spos in releasing the Earth's internal heat.

12ESC14.42

‘Evaluate the effectiveness of volcanoes in releasing the Earth's intemal heat.





This type of movement, called convection, also occurs within the Earth as hot, less dense portions of the mantle rise and displace cooler, denser rocks, which then sink into the mantle -- in summary the cooler,  dense rocks sink in the mantle, whereas the warmer rocks within the mantle rise by a process called mantle convection (shown by red arrows in the diagram at the left).
So clearly convection plays an important role in the influencing the dynamic nature of the Earth.  Later we will discuss the importance of the sinking, cold portions of plates along the surface of the Earth.
Evidence of the dynamic nature of the Earth is mantle convection with:

· Warm rocks of the mantle sinking

· Cool rocks of the mantle rising

· Warm portions of the mantle are less dense and therefore rise through cooler, denser portions of the mantle.

Convection Current

 Convection is a heat transfer where warm air goes up and cold air goes down. Convection currents is related to plate tectonics because it explains the reason why plate tectonics move.

For instance, some geologists believe that the main factor for the motion of plate tectonics is convection currents that occurs in the mantle. Mantle is made mostly of the elements Magnesium, Silicon, Oxygen, and Iron. The mantle is denser than the outermost layer of the earth. The density of the mantle increases with depth. This increase in density is due to the greater percentage of iron in the lower mantle. 

The mantle is made of semi-molten rock called magma,  in addition, just as convection currents occurs in a boiling pan this same process occurs in the mantle.

Moreover, since the mantle is some kind of solid-liquid (it is very dense) this allows plate tectonics to float on it as oil floats on water.

In addition, convection currents occurs because the very hot material at the deepest part of the mantle rises, then cools, sinking again and heating, rising and repeating the cycle over and over again.

Thus, all the motion caused by these actions causes plate tectonics to move.
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Hot spot

Mantle plumes are areas of hot, upwelling mantle. A hot spot develops above the plume. Magma generated by the hot spot rises through the rigid plates of the lithosphere and produces active volcanoes at the Earth's surface. As oceanic volcanoes move away from the hot spot, they cool and subside, producing older islands, atolls, and seamounts. As continental volcanoes move away from the hot spot, they cool, subside, and become extinct.

Hot spots are places within the mantle where rocks melt to generate magma. The presence of a hot spot is inferred by anomalous volcanism (i.e. not at a plate boundary), such as the Hawaiian volcanoes within the Pacific Plate. The Hawaiian hot spot has been active at least 70 million years, producing a volcanic chain that extends 3,750 miles (6,000 km) across the northwest Pacific Ocean. Hot spots also develop beneath continents. The Yellowstone hot spot has been active at least 15 million years, producing a chain of calderas and volcanic features along the Snake River Plain that extends 400 miles (650 km) westward from northwest Wyoming to the Idaho-Oregon border.
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CONDUCTION

Conduction is a
process in which
transfer of heat
takes place
between objects
by direct
contact.

How heat travels
between objects
in direct contact.

Due to
temperature
difference.

Ocours in solids,
through
molecular
collisions.

CONVECTION

Convection
refers to the
form of heat
transfer in
which energy
transition
oceurs within
the fluid.

How heat passes
through fluids.

Due to density
difference.

Ocours in fluids,
by actual flow of
matter.




Heat circulation 

Heat is transferred to the surface of the Earth from the hot Earth's core by conduction and from radiation from the Sun.

The atmosphere is heated by absorption of some of the electromagnetic radiation from the Sun, and contact with the warm surface of the land and water. The warm land and water also radiates infrared, some of which is absorbed by the atmosphere, adding to its thermal energy. The remaining heat on the surface is sent out into space in the form of infrared radiation.

Heat flow in the Earth, from its hot interior to its relatively cool exterior, is the primary energy flow responsible for the dynamic nature of our planet. Global heat loss is about an average of about 80 mW m-2. This energy flux is over two orders of magnitude less than the energy received by the Earth from the Sun, but as the solar energy is mainly reradiated into space, it has little effect on temperatures deeper than a few meters in the Earth. Effectively, transfer of solar energy controls the temperature of the Earth's surface, internal heat controls the Earth's internal temperatures. About 80% of the Earth's present internal thermal energy is derived from radioactive decay of long-lived isotopes, primarily 232Th, 238U, 40K, and 235U (listed in order of decreasing importance). The remaining 20% is primordial heat of Earth formation and differentiation. Most of this heat is lost through the Earth's surface.
Source of heat in the earth’s interior

The heat inside Earth moves continents, builds mountains and causes earthquakes. Where does all this heat come from? If you think about a volcano, you know Earth must be hot inside. The heat inside Earth moves continents, builds mountains and causes earthquakes. Where does all this heat inside Earth come from?

Earth was hot when it formed.
 A lot of Earth’s heat is leftover from when our planet formed, four-and-a-half billion years ago. Earth is thought to have arisen from a cloud of gas and dust in space. Solid particles, called “planetesimals” condensed out of the cloud. They’re thought to have stuck together and created the early Earth. Bombarding planetesimals heated Earth to a molten state. So Earth started out with a lot of heat.

Earth makes some of its own heat.

 Earth is cooling now – but very, very slowly. Earth is close to a steady temperature state. Over the past several billion years, it might have cooled a couple of hundred degrees. Earth keeps a nearly steady temperature, because it makes heat in its interior.

In other words, Earth has been losing heat since it formed, billions of years ago. But it’s producing almost as much heat as it’s losing. The process by which Earth makes heat is called radioactive decay. It involves the disintegration of natural radioactive elements inside Earth – like uranium, for example. Uranium is a special kind of element because when it decays, heat is produced. This heat keeps Earth from cooling off completely.

Many of the rocks in Earth’s crust and interior undergo this process of radioactive decay. This process produces subatomic particles that zip away, and later collide with surrounding material inside the Earth. Their energy of motion is converted to heat.

Without this process of radioactive decay, there would be fewer volcanoes and earthquakes – and less building of Earth’s vast mountain ranges.

How hot is it inside Earth? 

No one has come close to exploring Earth’s interior directly. So not all geophysicists agree on how hot it is at Earth’s core. But the rate of travel of waves from earthquakes – called “seismic waves” – tells scientists a lot about what materials make up the planet. Seismic data also reveal whether these materials are liquid, solid or partially solid. Meanwhile, laboratory data indicate at what temperatures and pressures the materials inside Earth should begin to melt.

From this evidence, Earth’s core temperature is estimated to be around 5,000 to 7,000 degrees Celsius. That is about as hot as the surface of the sun, but vastly cooler than the sun’s interior.

By the way, while the heat energy produced inside Earth is enormous, it is some 5,000 times less powerful than what Earth receives from the sun. The sun’s heat drives the weather and ultimately causes erosion. So it’s ironic that – while Earth’s heat makes mountains – the sun’s energy tears them down again, bit by bit.

Volcano

The surface of the Earth is made up of rigid plates that move at a rate of a few centimetres per year.

When they collide, one plate can be pushed beneath another. As the plate sinks, it heats up and dehydrates: water is released from minerals and cracks in the sinking plate. This water is hotter than the surrounding rocks and rises up into the mantle. The addition of these hot fluids lowers the pressure and causes the mantle rocks to melt. This molten rock then rises and erupts on the surface building up a volcano.

Volcanoes also form when plates move apart. Magma rises up and erupts on the surface as lava where the plates separate, for example, along the Mid Atlantic Ridge.

This is why we see volcanoes along plate edges, for example all around the Pacific plate; North and South America, Japan and the Philippines. Sometimes volcanoes can form in the middle of a plate like Hawaii. Hawaii is there because of a hot mantle plume, which rises up from deep in the mantle, bringing hot magma to the surface. 
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Hydrothermal Sources and Geysers

Hydrothermal processes concern the subsurface movements of hot water. (“Thermos” means heat and “hydros” means water.) The heat is usually supplied by upwellings of magma from Earth's mantle, and the water comes from precipitation that percolates down from the surface. Ocean water can also meet the magma that rises continuously from the mantle to form new oceanic crust along the mid-ocean ridges. 

Hydrothermal resources have the common ingredients of water (hydro) and heat (thermal). These geothermal reservoirs of steam or hot water occur naturally where magma comes close enough to the surface to heat ground water trapped in fractured or porous rocks, or where water circulates at great depth along faults. Hydrothermal resources are used for different energy purposes depending on their temperature and how deep they are.
Geyser

A geyser is a rare kind of hot spring that is under pressure and erupts, sending jets of water and steam into the air.

Geysers are made from a tube-like hole in the Earth's surface that runs deep into the crust. The tube is filled with water. Near the bottom of the tube is molten rock called magma, which heats the water in the tube.

Water in the lower part of the tube, close to the magma, becomes superhot. Gradually, it begins to boil. Some of the water is forced upward. The boiling water begins to steam, or turn to gas. The steam jets toward the surface. Its powerful jet of steam ejects the column of water above it. The water rushes through the tube and into the air.

The eruption will continue until all the water is forced out of the tube, or until the temperature inside the geyser drops below boiling (100 degrees Celsius, or 212 degrees Fahrenheit, at sea level).

After the eruption, water slowly seeps back into the tube. The process begins again. In some small geysers, the eruption process can take just a few minutes. In larger geysers, it can take days. The most famous geyser in the United States, Yellowstone National Park's Old Faithful, erupts about every 50-100 minutes.

· Search the internet for more understanding of the strand.

