INTRODUCTION
ENERGY SUSTAINS LIFE, so it is not surprising that we use energy all day long. We depend on energy and energy transformations to live. For most of human history, all available energy came from the Sun or from the efforts of humans and animals. In the 1700s, coal and oil provided new sources of energy. We also discovered that our bodies are energy converters, changing food energy into chemical energy to power our minds and muscles. Many other systems are also energy converters. When we turn on a light, electrical energy is converted into light energy. The electrical energy itself was created from another energy form—usually oil, gas, or coal, but perhaps wind, solar, or nuclear energy (see Figure 7.1). In cars and buses, the engine converts a hydrocarbon fuel such as gasoline, diesel, or natural gas into mechanical energy.
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[[Insert Figure 7.1 here]]
In this chapter, you will learn about the various sources and forms of energy and how they can be converted into other forms. You will be introduced to the laws of thermodynamics, which explain different types of energy and energy transformations. You will also learn about various types of external and internal combustion power plants.

SECTION 1: Investigating Energy Forms

[[Start Key Ideas > Box here]]

KEY IDEAS >
· The various forms of energy include radiation, thermal energy, electrical energy, mechanical energy, chemical energy, and nuclear energy.

· Energy may be transformed from one type to another type.

· Not all energy transformations can be reversed.

[[End Key Ideas > Box here]]

The various forms of energy include radiation, thermal energy, electrical energy, mechanical energy, chemical energy, and nuclear energy. Energy may be transformed from one type to another. For example, atomic energy can be transformed into electrical energy in photovoltaic direct energy conversion. However, not all energy transformations can be reversed; electrical energy cannot be transformed into atomic energy, and it may not be possible to transform one energy form directly to another. Several transformation steps may be necessary.

Radiation

Radiation is energy that is emitted from an object. Examples of electromagnetic radiation are light from the Sun or a light bulb, heat from a heat lamp, and radio waves from an antenna. Electromagnetic radiation can best be described as waves of electric and magnetic energy moving through space. Microwaves, infrared and ultraviolet light, X-rays, and gamma rays are other examples of electromagnetic radiation.

Waves in the electromagnetic spectrum (see Figure 7.2) vary from very long radio waves that can be the length of a building to very short gamma rays that are smaller than the nucleus of an atom.

The amount of radiation emitted by an object depends on (and is proportional to) its temperature. A very hot object emits more energy that a cool object. All objects above the temperature of absolute zero (–273° Celsius) radiate energy.

[[Insert Figure 7.2 here]]

Thermal Energy

Thermal energy (also called internal energy) is created by the motion of atoms and molecules that occurs within all matter. Thermal energy refers to the total energy of all the atoms and molecules in an object. For example, when you heat a pot of water on a stove, the heat from the burner adds energy to the water, causing the water molecules to move around more rapidly, increasing the water’s thermal energy (see Figure 7.3). Interestingly, even in extremely cold conditions, the atoms and molecules in matter are still moving around a bit. In other words, the matter still contains a very small amount of thermal energy.

[[Insert Figure 7.3 here]]

Electrical Energy

Electrical energy, or electrical work, is caused by the flow of electrical charge through an electrical field. Electrical charge is an accumulation of a huge number of electrons, which are tiny particles with a negative electrical polarity. The basic unit of electrical charge, the coulomb, is equal to 6.28 × 1018 electrons.

When charge flows through an electrical circuit, we have an electrical current. Current, symbolized by i for intensity, is measured in amperes. One ampere of electric current is the flow of one coulomb of charge past a given point in a circuit in one second. An ampere, then, equals one coulomb/second.

Electrons do not move through a circuit for no reason; there must be a force that causes them to move. This force is the voltage, or electrical potential. When this potential exists, an electron from one atom moves to the next atom, displacing and pushing another electron ahead. This electron in turn displaces an electron in the next atom, creating the flow of current. We can make an analogy to a tube of marbles, as illustrated in Figure 7.4.

[[Insert Figure 7.4 here]]

As one marble enters the tube on the left, another leaves the tube on the right, creating the illusion of electron flow, even though the individual electron only moved a short distance. The flow of electrons multiplied by the voltage is electrical power.

Mechanical Energy

Mechanical energy, or mechanical work, is energy that one person or object expends in moving another object. The force used to push a box times the distance the box moved is mechanical work. As another example, a piston that moves in an automobile engine is doing mechanical work.

Chemical Energy

Chemical energy, a type of internal energy, is associated with the molecular and atomic structure of matter. Substances have different abilities to undergo chemical reactions, depending on their chemical energy. For instance, because of its atomic structure, oxygen is a very active element (see Figure 7.5). We know this because many elements and compounds readily oxidize (lose electrons to oxygen). When iron oxidizes, for example, the result is rust. Nitrogen, on the other hand, does not readily interact with other elements or compounds. Its chemical potential, a measure of its chemical energy, is less than that of oxygen.

Nuclear Energy

Nuclear energy is associated with a substance’s atomic structure. It, too, is a type of internal energy. Nuclear energy can be produced in two ways: by fusion and by fission. During nuclear fusion, atoms are joined together. Our sun is a giant nuclear fusion reactor running on hydrogen. Each second, it converts 564 million tons of hydrogen to 560 tons of helium through the fusion process.
[[Insert Figure 7.5 here]]

An atom’s nucleus contains protons and neutrons. The nuclei of some atoms, such as Uranium 235, become unstable when hit by an external neutron and split into two different atoms (see Figure 7.6). In the process, they emit more neutrons and energy in the form of light and heat. The new neutrons hit more nuclei and these atoms split, creating a chain reaction. A controlled chain reaction is used to generate energy in nuclear power plants. Without the controls, a devastating explosion could occur. The process of splitting an atom is fission.

A tremendous advantage of nuclear power is that a small amount of matter can create a large amount of energy. However, there is a tremendous disadvantage as well. The atoms created by the splitting are highly radioactive, and they emit dangerous levels of radiation that can kill people. The storage of radioactive waste is a great technological challenge, as the radioactivity persists for tens of thousands of years. Thus, burial and other traditional waste disposal methods cannot be used safely.

[[Insert Figure 7.6 here]]
[[Insert Figure 7.7 here]]

The Sun is a giant fusion reaction. We have been trying for decades to design a functioning fusion reactor that could produce virtually unlimited energy for us, but finding and harnessing such a reaction with very little radioactivity has been very difficult to achieve. The reaction combines two isotopes of hydrogen to form helium. These isotopes are deuterium (nucleus of one proton and one neutron) and tritium (nucleus of one proton and two neutrons), as shown in Figure 7.7. The difficulty lies in the process required to fuse the atoms together. The gasses must be heated to hundreds of millions of degrees, so containing the high-temperature gas plasma has been a major problem. In addition, the fusion process requires a great deal of power to start the reaction; the reaction itself, if successful, will produce more power than it consumes, but not significantly more. So, a malfunction can create great power costs for very little gain. The energy potential, however, is almost unlimited because of the virtually limitless fuel sources.

[[Start SECTION ONE FEEDBACK > here]]

SECTION ONE FEEDBACK >
1.
Can you explain the difference between electrical energy and chemical energy?

2.
Do you have energy? What kind of energy do you display when you run?

3.
Describe three types of electromagnetic radiation. Which has the longest wavelength?

[[End SECTION ONE FEEDBACK > here]]

SECTION 2: Discovering More About Work, Heat, and Intrinsic Energy Forms

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Matter has intrinsic energy associated with its internal structure, its velocity, and its height above the ground.

· Heat and work result from changes in intrinsic energy or cause changes in intrinsic energy.

· Power is the time rate at which work is done.

[[End Key Ideas > Box here]]

Heat and work are two energy forms that are sometimes created during a transformation from one type of energy to another (for example, from chemical to electrical). They result from changes in matter’s intrinsic energy, or they can cause changes in matter’s energy.

Work

When mechanical work is done on an object, energy is transferred from a person or machine to the object. Mechanical work is done whenever a force pushes or pulls an object, causing it to move. The amount of mechanical work done is equal to the distance the object moves times the force applied during the movement:

Work (W) = Force applied to the object (F) ( Distance the object moves (D)

W = F × D

Imagine that you are pushing a cart in the supermarket. It is easy to push an empty cart, but much harder to push a full one (see Figure 7.8). The force that you exert is greater with the full cart, and so the work you are doing (force × distance) is greater than when the cart is empty. Similarly, when you lift heavy weights, you are doing more work than when you lift light weights or none at all. Again, the force (weight) times the distance you move it is the mechanical work. There are other forms of work, such as electrical work, but they are more difficult to visualize.

[[Insert Figure 7.8 here]]

Power

Power is the rate at which work is done. For instance, if you push the supermarket cart with a force of 200 newtons, and you move it 30 m, the work is W = (200 N) (30 m) = 6,000 N m, or 6,000 J (1 newton-meter = 1 joule). Power is expressed in terms of work divided by time, or joules/second, which is one watt of power. The faster you do the work, the more power you are exerting. If you pushed the cart for 60 seconds, the power, W, would be W = 6,000 Joules/60 seconds, or 100 watts. If you pushed it for 6 seconds, the power would be 1,000 watts. The work required to move the cart is the same: force times distance. How quickly the cart was moved is an indication of the power supplied. Professional cyclists often train by figuring out how many watts of power they want to expend.

Heat

Heat (symbolized by the letter Q) is thermal energy that is transferred between two objects because of a temperature difference between them. When you toast a piece of bread, as shown in Figure 7.9, the high-temperature wires in the toaster transfer heat to the cooler surface of the bread, raising its temperature. A transfer of energy occurs; in this case, it is heat energy.

Heat energy takes three different forms, depending on how the heat transfer occurs—conduction, radiation, or convection. Thus, heat does not exist within a substance, but occurs because of its temperature and a temperature difference with another substance. If you place your hand over a flame, your hand quickly becomes hot. Why? Heat is transferred from the flame (it has a high temperature of perhaps 1,500 K) by radiation and convection of heat to your hand. The temperature increases on the surface of your hand, you yell “ouch,” and then move your hand away.

[[Insert Figure 7.9 here]]

Conduction is heat transfer within a material caused by a temperature difference on the material’s inside and outside surfaces. When you wear a jacket in the winter, the temperature of the outside jacket surface is essentially the same as the outside air temperature, but the inside temperature next to your skin is much warmer. Heat transfer occurs because of the temperature difference, but the rate of heat transfer is reduced because of the jacket material. The thicker the jacket is, the less heat is transferred and the warmer you feel. However, some jackets of the same thickness make you feel warmer (have less heat transfer) than others. Why is this?
[[Start Table 7.1 here]]
Table 7.1 Thermal Conductivities of Different Materials

	MATERIAL
	 W/m-K

	Copper
	399.0

	Steel
	43.0

	Fiberglass
	0.035

	Wood
	0.069

	Water
	0.558

	Air
	0.024

	Wool
	0.04

	Goose down
	0.025


[[End Table 7.1 here]]
Look at Table 7.1, which lists the thermal conductivity of various materials. Air has the least thermal conductivity; it does not conduct heat well, but copper conducts heat very well. The insulating effect of the material depends on how much air is trapped. The greater the amount of air the jacket traps, the less heat is conducted, and the warmer the jacket makes you feel. Goose down has a thermal conductivity nearly equal to that of air, so jackets and blankets filled with goose down do not conduct heat well. They enable you to retain heat and stay warm. If the heat loss is less than the energy you generate from your metabolism, you will be warm. If the heat loss is greater than the energy generated, you will feel cold. The thermal conductivity is expressed in terms of watts (W) that are conducted through a one-meter thickness of a substance when there is a one-degree Kelvin temperature difference. The experiments are done on thicknesses of much less than a meter, but the information is converted to this standard format.

The walls of homes and buildings are insulated to reduce the heat flow from the building in the winter and the heat gain in the summer. The R factor is a composite measure used to describe the effect of building insulation, as shown in Figure 7.10. The greater the R factor is, the greater the resistance, and the less the heat flow. The R factor is proportional to 1/ , so the lower the value of the thermal conductivity, the greater the R factor. The R factor also depends on thickness; the thicker the material is, the greater the R factor.

[[Insert Figure 7.10 here]]

Radiation heat transfer is the flow of thermal energy between two bodies separated by a distance, such as the bread and electrical wire in a toaster, or the Sun and the Earth. We experience radiation heat transfer when solar radiation is absorbed by our skin and we feel warmer. The energy form is electromagnetic waves that are in the thermal spectrum; these waves are not at the wavelengths of radio or television. An important concept is that the thermal radiation emitted by a surface is determined by its temperature; in fact, the emitted radiation is proportional to the temperature raised to the fourth power. A small change in temperature, therefore, will result in a very large change in emitted radiation.

Convection heat transfer is the transfer between a surface and a fluid; the fluid can be a liquid or gas. Thus, if hot water flows through a pipe, heat is transferred by convection from the fluid to the pipe. You may have figured out that the heat that flows through the pipe walls travels by conduction. Convection occurs again on the outside surface between the pipe and the surrounding air. This is how hot-water heating systems work, as shown in Figure 7.11.

Intrinsic Energy Forms

Matter has intrinsic energy associated with its internal structure, its velocity, and its height above the ground. A piece of matter’s intrinsic energy is the work it can do based on its actual condition, without any supply of energy from outside. The intrinsic energy depends on how fast the matter is moving (kinetic energy), how high above the ground it is (gravitational potential energy), and its molecular structure (internal energy). Heat and work result from changes in intrinsic energy or cause changes in intrinsic energy.

[[Insert Figure 7.11 here]]

Kinetic energy is the energy an object possesses because of its motion. Imagine that you are walking and have a certain amount of energy because of your motion. Now imagine that you are running. Your energy is greater, of course. Your speed, or velocity, is also greater. So you know intuitively that the expression for kinetic energy must include velocity. Imagine again that you are walking, then running, but this time your younger brother or sister joins you. Are your kinetic energies the same, even though you weigh different amounts? No, you intuitively know that weight, or mass, must be part of the expression for kinetic energy. The formula for kinetic energy is:

Kinetic energy = ½ mass × velocity2 or

KE = ½ m v2
Kinetic energy depends on mass and velocity. More importantly, it depends on velocity squared, so as you run faster or as a plane flies faster, the kinetic energy increases dramatically. The mass is in kilograms and the velocity is in meters/second.

If you are standing on the top of a tall building, do you have more energy than when you are standing on the ground? The earth’s gravitational acceleration is acting on you at all times. Gravitational potential energy is the energy form associated with a body’s relative position to the ground. The higher above the ground it is, the greater the gravitational potential energy. We call the type of energy associated with a position relative to the ground “gravitational potential energy.” It is expressed as:

Potential energy = Mass ( Gravitational acceleration ( Height

PE = m ( g ( h

where m is the mass in kilograms, g is earth’s gravity (9.8m/s2), and h is the height above the ground in meters.

Internal energy, a less tangible form of energy, is associated with a substance’s molecular structure. Although we cannot measure internal energy, we can measure changes of internal energy (U):

U = m c (T)

[[Insert Figure 7.12 here]]

[[Start Table 7.2 here]]

Table 7.2 Specific Heats for Various Substances

	SUBSTANCE
	c kJ/kg-K

	Air
	1.004

	Aluminum
	0.963

	Brick
	0.92

	Concrete
	0.653

	Glass
	0.833

	Ice
	1.988

	Steel
	0.419

	Water (liquid)
	4.186

	Water (vapor)
	1.403

	Wood
	2.51


[[End Table 7.2 here]]
where m is the mass in kilograms, c is the specific heat in kJ/kg-K, and T is the change of substance temperature in degrees Kelvin. Table 7.2 indicates some typical values of c for various substances. Think about the terms in the expression for specific heat. The symbols indicate the amount of energy measured in kilojoules (kJ) necessary to increase one kilogram of mass (kg) one degree in temperature (measured in degrees Kelvin). The term “specific” indicates that it applies to one kilogram (a unit mass) of matter.

The table indicates that it takes more than 4 kJ to raise the temperature of one kilogram of water by one degree Kelvin, while it takes about 1 kJ to raise the temperature of a kilogram of air by one degree Kelvin. This amount would be the mass of air in about 850 one-liter bottles at normal room temperature and pressure. The dramatic difference in specific heat values is an indication of how energy is stored in a material’s molecular structure. One mode of storage relates directly to temperature increase, but other modes of storage do not. Water stores energy in more modes than air does. Most of the kinetic energy added to air is stored in a mode related to temperature. Other modes of energy storage relate to atoms and molecules rotating and vibrating.

TECHNOLOGY IN THE REAL WORLD: Determining the Energy Usage of an Appliance

Most of us are familiar with a 100-watt incandescent light bulb. Wattage refers to the power the bulb uses in producing light. Imagine that a home has ten 100-watt bulbs:

10 bulbs ( 100 watts/bulb = 1,000 watts or 1 kilowatt (kW)

If all 10 bulbs were turned on at the same time, the instantaneous electrical power consumed by the bulbs would be 1 kilowatt. If the bulbs were left on for one hour, the electrical energy used would be 1 kW ( 1 h = 1 kW-h (kilowatt-hour).

Utilities charge various rates across the country for kW-h consumption, but a charge of $0.10 to $0.15 per kW-h is typical. In the preceding example, the cost of having the lights on would be 0.10 ($/kW-h) ( (1 kW-h) = $0.10, or ten cents. Electrical bills are expensive because we use electricity in so many ways; when we add up all the usage and consumption, the cost can be high.

It is challenging to determine the total kilowatt-hours used by an appliance. For example, a microwave oven may be rated at 1.5 kW, but that rating refers to the maximum power it uses at the highest power setting. This setting may not be typical. As another example, consider a desktop computer; its highest power level may be 250 watts, but only when the computer is operating at its maximum power. The computer often consumes much less power, such as when you are operating the keyboard instead of playing games.

Manufacturers attempt to compute the annual kW-h used by their products. The following table lists typical annual power demands of various types of electrical appliances. You can determine the actual power requirements by looking at the nameplate on the equipment or checking the specifications online.

Extension

Using the information in Table 7.3, calculate the monthly energy consumption in your kitchen. If electricity costs 0.12 $/kw-h, what is the monthly cost of electricity for appliances and lighting in the kitchen?

[[Start Table 7.3 here]]

Table 7.3 Power Consumption and Usage for Selected Appliances

	PRODUCT
	POWER CONSUMPTION, IN WATTS
	HOURS/MONTH

	Air conditioner, central, 2.5 tons
	3,500
	240–860

	Ceiling fan
	60
	15–330

	Clothes dryer (electric)
	5,000
	6–28

	Clothes washer
	500
	7–40

	Coffee maker
	900
	4–30

	Compact fluorescent bulb (60 W equivalent)
	18
	17–200

	Computer and monitor
	200
	25–160

	Dishwasher
	1,300
	8–40

	Fluorescent bulb (2 tubes, 4 ft.)
	100
	10–200

	Food freezer
	335
	180–420

	Incandescent light (60 W)
	60
	17–200

	Microwave oven
	1,300
	5–30

	Range (electric)
	12,500
	10–50

	Refrigerator, frost-free, 17 cubic feet
	500
	150–300

	Television
	180
	60–440

	Toaster
	1,150
	1–4

	Water heater (4 people)
	3,800
	100–140


[[End Table 7.3 here]]
[[Start SECTION TWO FEEDBACK > here]]

SECTION TWO FEEDBACK >
1.
If you are “hot,” do you “have a lot of heat”?

2.
You are riding in a car that has a mass of 1,000 kg and is traveling at 20 m/s. What is its kinetic energy?

3.
You have heard of power bars and power tools. Both cars and bulls are powerful. But what is power?

[[End SECTION TWO FEEDBACK > here]]

SECTION 3: Understanding Conservation of Energy—The First Law of Thermodynamics

[[Start KEY IDEAS > Box here]]

KEY IDEAS >
· The First Law of Thermodynamics, the conservation of energy, indicates that energy cannot be created or destroyed. However, it can be converted from one form to another.

· The Second Law of Thermodynamics indicates that not all heat energy can be converted into work and that no energy system can be 100 percent efficient.

[[End KEY IDEAS > Box here]]

Thermodynamics applies two simple yet powerful laws to a wide range of energy systems with applications in transportation, agriculture, and power generation. These systems have major importance to our society.

Conservation of Energy

The First Law of Thermodynamics, the conservation of energy, indicates that energy cannot be created or destroyed. However, it can be converted from one form to another. Energy can change form, but the total amount of energy is constant. This is a powerful statement, and one that we can apply to many situations. For example, imagine that you are sitting in the shade under an apple tree on a warm summer day. An apple falls and hits you on the head, as illustrated in Figure 7.13. Because you are studying engineering and technology, you begin to think about what happened to the apple when it fell. When the apple was hanging on the branch, it contained internal energy. It also had potential energy because it was above the ground, but it did not have kinetic energy because it was not moving. As the apple falls, its kinetic energy is increasing, the potential energy is decreasing, and the internal energy remains the same. After the apple bops you on the head and falls to the ground, it does not have any kinetic energy or potential energy; it only has internal energy, which has increased slightly from the impact with your head and then with the ground. The total energy change that a substance undergoes can be expressed in terms of heat transfer, work, and changes in internal, kinetic, and potential energies.

The First Law describes this energy change. Thus, for the falling apple, the First Law is written as:

Q = (U + (PE + (KE + W

[[Insert Figure 7.13 here]]

There is no heat transfer because there is no temperature difference between the apple and the air. There is no work, even though the apple is falling. While it is falling, the change of internal energy is zero, and the apple’s structure does not experience change, so the change of potential energy is equal to the change of kinetic energy. When the apple hits the ground, its kinetic energy is zero (it is no longer moving), but its internal energy has been increased by PE.

Calculating Horsepower

( Did you ever wonder why cars have engines with different horsepower? The more powerful the engine is, the faster the car can go (see Figure 7.14), but even a car with a low-horsepower engine can go 70 mph. Let’s investigate what is required to make a 1,200-kg car travel at a speed of 70 mph. The car has work done to it—it is moving through a distance. Start with the First Law:

Q = (U + (PE + (KE + W

There is no heat transfer in moving the car, so Q is zero; the car does not change its elevation, so PE is zero, and its internal energy does not change (U = 0). The engine is doing work to change the car’s velocity (Figure 7.15), thus:

W = –(KE

The minus sign indicates that the work is going into the car. Positive work occurs when work leaves a device. The engine is doing work (positive), and the car is receiving work (negative).

W = –½ m (v2final – v2initial)

The velocity needs to be in meters per second (m/s), not miles per hour. One mile per hour equals 0.447 m/s, so 70 mph is 70 × 0.447 = 31.29 m/s. The initial velocity is zero, so the work required to move at 70 mph is:

W = –½ (1200 kg)(31.29 m/s)2 = –587438 joules or –587.4 kJ

We can eliminate the minus sign because we know that work is going into the car to make it move. Next, how quickly do you want the car to get to 70 mph? In 8 seconds? This is where power (W) becomes important. Power is the rate at which work is done—in other words, work divided by time:

[image: image1.emf]
For this car, the power required is:

[image: image2.emf]
We can convert kW to horsepower (1 kW = 1.341 hp), so W = (1.341 × 73.4) = 98.4 hp.

This value is much less than the engine horsepower found in cars, for two major reasons: One deals with energy transformations and energy losses in the transmission and gearing, and the other deals with drag forces acting on the car’s body. When energy is transmitted through gearing, some energy is lost as friction between the gears. (We will examine engines in greater detail in the next section, when explaining a car’s energy transformations.) The drag forces are proportional to the car’s velocity cubed. When the car travels at higher speeds, the power requirements increase as the cube of the velocity. The drag forces also depend on the car’s geometry—in other words, how its aerodynamic shape enables it to minimize drag. Thus, returning to our previous example, the actual horsepower required is much greater than 98.4.

Extension Using an Excel spreadsheet, determine the power (in kW) required to accelerate a car to 10, 20, 30, 40, 50, and 60 miles per hour in 8 seconds. Plot the results and explain them in terms of the equation for work and power.
[[Insert Figure 7.14 here]]

[[Insert Figure 7.15 here]]

[[Insert Figure 7.16 here]]

Windmills are a common way to generate power from the wind. Old pictures of farms frequently show windmills being used to pump water. If you have ever blown on a pinwheel, you have used a type of windmill. Let’s think about how the windmill works. Obviously, air needs to be moving to turn the windmill, converting the air’s kinetic energy into a force that moves the blades (see Figure 7.16). Of course, the amount of power depends on how large the windmill blades are. When wind flows across the blades of the windmill, generating power, the First Law applies. When there is mass flow, as in the case of windmills, the First Law is written differently to include the mass flow effects. Mass flow describes moving liquids and gasses, like water running through a hose, or air moving through windmills. (The equation is different than the one when there is no mass flow.) The First Law in the case of mass flowing through or across a device such as a windmill is:

Energy In = Energy Out

Q + m (u + ke + pe + p/ρ)in = W + m (u + ke + pe + p/ρ)out
where m is the mass flow rate, kg/s; Q is the heat transfer in kilowatts (kW); W is the power in kilowatts (kW); p is fluid pressure in kilopascals (kPa); and ρ is the fluid density in kg/m3. The p/ρ term occurs because of the flowing air across the windmill’s blades, as illustrated in Figure 7.17.

All the energy that is in the wind before it hits the blades—except for the amount that is converted to power—remains in the wind after leaving the blades. The windmill has no heat transfer (Q = 0), and there is no change of internal energy of the air (u = 0). The air does not change elevation, so the change of potential energy is zero (pe = 0). Also, the pressure and density of the air do not change as the air flows across the windmill’s blades (p/ρ = 0), so the power (W) is equal to the change of air’s kinetic energy.

W = m (kein – keout)

The mass flow rate, m, depends on how fast the air is flowing, its density, and the area that it is flowing through. Thus:

m = ρ A v

Notice that the kinetic energy varies with velocity squared, and the mass flow depends on velocity, so windmill power varies as the velocity cubed.

W = ½ ρ A (v3 in – v3out)

The area is the swept circular area of the windmill’s blades, which is why windmills have long blades. The value ρ is the air’s density (about 1.17 kg/m3), and the air’s velocity is in meters/second. This means we still need to know the exit velocity of the air from the blades, which is very difficult to determine. More advanced engineering analysis indicates that the maximum theoretical power is 59.3% of the energy entering the windmill:

[[Insert Figure 7.17 here]]

[image: image3.emf]
In cars, we do not want drag, but in windmills we do. If there were no drag, the air would slip right over the blades. The same factors that affect power in windmills also affect drag forces (hence power dissipation) on cars, which is why drag forces vary as the velocity is cubed.

Second Law

Energy is always conserved, but it does not remain equally valuable to us as it goes from one energy form to another. The Second Law of Thermodynamics discusses energy value: whenever an energy transformation occurs from one form to another, there is a net decrease in energy value. Imagine placing a pot of water on a stove, as illustrated in Figure 7.18. When you ignite the gas flame, the conversion of the gas’s chemical energy into the flame’s thermal (internal) energy is manifested by a high temperature. The flame heats the pot by convection, the pot transmits the heat by conduction through the metal, and the heat is transferred by convection to the water, increasing the water’s internal energy. When the flame is turned off, the pot cools to room temperature. Did the energy disappear? No. The internal energy of the water is transferred as heat to the air in the kitchen, and eventually to the air outside. However, the value of the energy has become very low, compared with the value it had as the chemical energy of the gas.

[[Insert Figure 7.18 here]]

Another important aspect of the Second Law is that not all heat can be converted into work; only a maximum amount can be converted. So, no energy system can be 100 percent efficient. The Carnot Cycle, which we will describe shortly, is a theoretical model of an engine that converts the maximum amount of heat into work. Engines and other power-producing devices, such as gas turbines or power plants, are often compared to the Carnot Cycle.

Multiple Energy Transformations

The internal combustion engine, as illustrated in Figure 7.19, is used to power automobiles, trucks, and many other machines. This engine is an example of a system that contains multiple energy transformations. The engine is a small power plant where fuel is burned.

In the space between the top of the piston and the top of the cylinder, the energy from the burning fuel converts the fuel’s chemical energy into thermal energy. The high temperature and pressure are the products of combustion contained in the cylinder. The gas pushes the piston downward, transferring the thermal energy to reciprocating mechanical energy. The crankshaft converts the reciprocating mechanical energy of the piston rod to rotating mechanical energy. The rotating mechanical energy goes through the transmission and differential gears that turn the axles and wheels, thus moving the automobile.

[[Insert Figure 7.19 here]]

Figure 7.20 shows the various energy forms and the transformations of energy that occur. Thermodynamics helps to explain energy and energy transformations.

TECHNOLOGY AND PEOPLE: Ivo Coelho

Ivo Coelho’s passion is drag racing. Coelho was born and raised in Portugal, but he never considered the sport until after he immigrated to the United States 15 years ago. He works as a construction mechanic, repairing and maintaining construction equipment, following in his father’s footsteps. He can repair most engines, motors, and hydraulic equipment; in addition, his welding skills have been very important in outfitting his car. He must pay for everything himself, so self-sufficiency is important.

Figure 7.21 shows Coelho in his 1978 Pontiac Trans Am, which he bought used in 1991. Little about the car is original at this point: He has replaced the engine, the interior, and parts of the exterior, doing all the work himself. He designed an automatic pneumatic-shift system for the car, as well as a tubular steel body that protects the driver and a sheet metal frame that serves as a dashboard. As you can see in Figure 7.22, the interior of the car is spartan; it is not a car you can drive on the street. Coelho must take the car to drag races in a trailer.

[[Insert Figure 7.20 here]]

He enters handicap racing events as a Super Pro, in which he not only competes against other drivers, but also against himself. Racers drive in two “time trials” to determine their time on a particular quarter-mile track on a given day. Weather conditions can affect how well a car does when performance is measured by the hundredths of a second. One day, for example, Coelho had trial times of 8.79 seconds and 8.77 seconds. For the competitive race, in which he had to predetermine the time that he would complete the quarter-mile, he chose 8.78 seconds. His competitor also had to project a time for completing the race. Because his competitor had a slower car, he selected (or “dialed in”) a time of 9.28 seconds, which was half a second slower than Coelho’s projected time. Coelho’s competitor was given a half-second head start, at which point the light turned green, clearing Coelho to accelerate his car down the track. If he had been too anxious and left too soon, he would have been disqualified (red-lighted); if he won, he would continue to the next round against another car.

[[Insert Figure 7.21 here]]

[[Insert Figure 7.22 here]]

His car’s 8-cylinder engine has a 14.5 to 1 compression ratio that produces about 900 horsepower. Because of the high compression ratio, he must use very high-octane racing fuel with a 116 octane rating. By contrast, the high-test fuel people buy in gas stations is 93 octane. The higher the octane rating is, the slower the fuel burns; a low-octane fuel tends to explode, but a controlled, rapid burning is preferable.

As with all drag racers, Coelho wants a faster car and a bigger engine. He plans to increase the engine’s stroke by increasing the number of cubic inches from 540 to 580. Ultimately, he anticipates being able to produce over 1,000 horsepower.

[[Start SECTION THREE FEEDBACK > here]]

SECTION THREE FEEDBACK >
1.
Explain the relationship between work and power.

2.
You leave a hot cup of tea on a table. Where does the energy go?

3.
A woman who weighs 50 kilograms is jogging at 5 miles per hour. What is her kinetic energy in kJ? (Remember to convert mph to m/s.)

[[End SECTION THREE FEEDBACK > here]]

SECTION 4: Investigating Energy Sources

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Energy sources are either renewable or nonrenewable.

· Renewable energy resources are often difficult to harness, are not always reliable, and have a low energy value compared with nonrenewable sources.
· Nonrenewable energy sources are being used up at a rapid rate.

[[End Key Ideas > Box here]]

Energy sources are either renewable or nonrenewable. Most of the energy we produce is created from nonrenewable sources, such as oil, gas, and coal. Nonrenewable energy sources are being used up at a rapid rate. Renewable sources, on the other hand, replenish themselves. A forest, for instance, is a renewable resource, as shown in Figure 7.23.
As another example, solar energy is renewable and unlimited. (Although the Sun may burn out in several billion years, we will not consider that issue here). As we examine renewable resources, we will find that they are often difficult to harness, not always reliable, and that their energy value is low compared with nonrenewable sources.

Nonrenewable Energy Sources

Oil, natural gas, and coal are called fossil fuels and are nonrenewable energy sources. A fossil fuel is an energy-rich substance formed from the remains of plants and animals that lived millions of years ago.
[[Insert Figure 7.23 here]]
Fossils were covered by soil but did not rot. Instead, over a very long time, the Earth exerted continuing pressure on them and caused them to change into a fossil fuel. These fuels are made primarily from carbon and hydrogen, so they are called hydrocarbon fuels. During combustion, they break down into simpler molecules. For combustion to occur, the compounds must be able to combine, as indicated by their chemical potentials. We know, however, that gasoline, propane, or wood does not spontaneously react with oxygen.

Three conditions must be met: first, a substance must be able to burn; second, a source of oxygen must sustain combustion; and finally, the temperature must be high enough to start combustion (the ignition temperature). A burning match has a high temperature and can start combustion of a larger fuel source, at first locally near the match. The spreading fire then raises the temperature of more fuel. Most fire extinguishers work by lowering the fuel’s temperature or blocking the fuel’s access to oxygen.

[[Insert Figure 7.24 here]]

[[Insert Figure 7.25 here]]

In a combustion reaction with a hydrocarbon fuel, the carbon is completely burned to form carbon dioxide, and hydrogen is completely burned to form water. Methane, shown in Figure 7.25, is one type of natural gas, a hydrocarbon fuel. Each methane molecule is made of one carbon atom and four hydrogen atoms, written as CH4. When methane burns with oxygen (air is about 21% oxygen and 79% nitrogen), the combustion equation is:

CH4 + 2O2 ( CO2 + 2H2O + heat (Q)

In this situation, one methane molecule combines with two oxygen molecules in order to form carbon dioxide and water, as well as to release energy (heat). Other fossil fuels have similar reaction equations. For instance, the octane in gasoline has the chemical formula C8H18, so eight carbon dioxide molecules and nine water molecules would be formed by burning one molecule of octane. This reaction will have important meaning to us when we examine global warming and air pollution in other chapters. Table 7.4 indicates the heating value (hRP) of various fuels by listing the heat released by completely burning one kilogram of fuel. The units indicate the amount of heat energy, measured in kilojoules (kJ), that is released in the combustion of one kilogram of the fuel.

Notice that gasoline and oil each have about twice as much energy per unit mass as wood or corn cobs. Wood and corn cobs are examples of renewable energy sources, and oil is a nonrenewable energy source. Thus, the fuel heating values of renewable fuels are much less than those from nonrenewable sources. Also notice that ethanol, produced from corn, does not have a heating value as high as that of gasoline or oil.
[[Start Table 7.4 here]]
Table 7.4 Average Heating Values for Various Fuels

	FUEL
	kJ/kg (hRP)

	Coal
	27,900

	Corn cobs (dry)
	21,600

	Ethanol
	26,750

	Gasoline
	44,800

	Natural gas
	57,450

	Residual oil
	43,000

	Wood (dry)
	20,350


[[End Table 7.4 here]]
Calculating the Heat of Fire

( How hot is fire? Can its temperature be predicted? The combustion temperature varies with the type of fuel and the amount of air that is used, as indicated in Table 7.5. Using the minimum amount of air will yield the highest temperature, and using more air will reduce the temperature, since the fuel’s energy goes to heating the excess air. If sufficient air is used, temperatures of 1,500 to 2,000 K assure complete combustion for hydrocarbon fuels.

[[Start Table 7.5 here]]

Table 7.5 The Adiabatic Flame Temperature, the Maximum Possible Temperature That Can Be Achieved by Burning a Fuel, Depends on the Amount of Air That Is Used. In This Table, the Values Are Based on the Minimum Amount of Air That Is Theoretically Needed

	FUEL
	AIR (DEGREES KELVIN)

	Hydrogen
	2,385

	Methane
	2,225

	Propane
	2,270

	Octane
	2,275


[[End Table 7.5 here]]
Coal was one of the first fossil fuels because it is most easily found near the surface of the ground. Coal can be mined from the surface by strip mining, as shown in Figure 7.26, when large swaths of land are uncovered and the coal is removed from slightly below the surface. The land is then covered by the soil and replanted.

[[Insert Figure 7.26 here]]

Coal mines can also exist deep below the surface of the Earth. In these cases, tunnels are made to dig out the coal and bring it back to the surface (see Figure 7.27).

Coal often contains other elements besides carbon and hydrogen; one of the most common is sulfur. When sulfur burns, it becomes sulfur dioxide (SO2), which is a gas. However, this gas readily dissolves in water or rain to become sulfuric acid, a primary constituent of acid rain.

Oil is a liquid fossil fuel. In its natural state, it is a very thick and viscous liquid called crude oil (see Figure 7.28). Depending on where it comes from, the oil may contain other constituents such as sulfur. Refineries alter the crude oil through chemical engineering processes to create a variety of hydrocarbon products such as gasoline and diesel fuel.

Uranium is another important nonrenewable energy resource. It is not a fossil fuel, but a nuclear, or atomic, fuel. Matter can be changed into energy through nuclear fission, the splitting of an atom of one type of matter into different forms of matter, generating heat in the process. A small amount of fuel can produce a very large amount of heat energy that, in turn, can generate power. These nuclear reactions are controlled by sophisticated systems to prevent explosions.

[[Insert Figure 7.27 here]]

Renewable Energy Sources

Some energy sources are readily replaced daily or within a few months or years. These sources are considered renewable, even though it takes time to replace most of them.

Humans and Animals The first source of energy that people used was their own muscle power. Individually, people do not have great strength, but by working together they can accomplish a great deal. For instance, the pyramids of Egypt were constructed by people pulling large blocks of stone up inclines. Many animals are stronger than people, so people learned to domesticate certain animals and use them for plowing fields (see Figure 7.29), and even for pumping water. In some parts of the world, human power and animal power are still important sources of energy.

[[Insert Figure 7.28 here]]

[[Insert Figure 7.29 here]]

Solar Energy The energy from the Sun supports life on Earth. Vegetation depends on the conversion of the Sun’s energy into matter through photosynthesis. We also use the Sun’s energy, or solar energy, to produce heat and electricity. Solar collectors are used for this purpose, and different types of solar collectors exist for various uses. For example, some solar collectors are placed on rooftops to heat water for showers, washing, and cooking (see Figure 7.30).

[[Insert Figure 7.30 here]]

[[Insert Figure 7.31 here]]

Passive solar designs of homes use the Sun for supplementary heating. Photovoltaic cells convert sunlight into electricity (see Figure 7.31). These solar cells are often used in remote areas that are not served by power lines. They can charge batteries that run radio relay stations and other electrical devices. Photovoltaic cells are also used on most satellites and space vehicles. About 10 percent of incident sunlight is converted into electricity in a photovoltaic cell.

How much energy does sunlight provide? The intensity of sunlight varies, but a typical value for the northeast United States is 1.36 kW/m2 on a clear, sunny day. This means that a square meter of surface area will receive 1.36 kW of energy. Remember 1 kW is 1 kJ/s. The Sun’s intensity varies throughout the day, of course, so at noon the intensity is probably greater than 1.36, and in the morning and evening it is less.

Wind Energy Wind has been used as an energy source for hundreds of years. Windmills have been used to pump water, grind grain, and move ships across the water. Today, wind energy is used to generate electricity. In some locations, farmers can earn income by leasing their land to power companies for wind farms, while still growing crops or grazing animals on the land. However, just as solar energy is impossible when sunlight is obscured by clouds, there is no wind energy when the wind doesn’t blow or doesn’t blow hard enough. Thus, wind farms are primarily located in places where the wind blows briskly much of the time (see Figure 7.32). Some theoretical studies have indicated that extensive use of wind farms might change local climates because of the wind’s energy decrease.

While many people support the idea of windmills, not everyone wants to have them where they can be seen. Because windmills can be 200 to 300 feet tall, they are visible for many miles. For instance, the wind often blows consistently and strongly along the coasts, but many residents and visitors along the seashore do not want to see windmills from the beach. The acronym NIMBY, which stands for “not in my backyard,” describes the political and social reaction of people who like a concept in general but do not want it implemented near them.

[[Insert Figure 7.32 here]]

[[Insert Figure 7.33 here]]

[[Insert Figure 7.34 here]]

Water Energy For centuries, people have used the gravitational potential energy of water as a means of using water energy to generate power. Water wheels, which once were used to grind grain into flour, are an open type of turbine, just as windmills are. People created dams to provide a height difference for water wheels.

As the dams became larger and the heights greater (see Figure 7.33), enclosed hydraulic turbines were created to better use the water’s potential energy. Figure 7.34 shows a hydraulic turbine used in the generation of electricity. The water from a reservoir passes through the turbine, causing it to rotate and turn an electrical generator.

The pull of gravity from the Sun and Moon against the Earth causes tides, which are large movements of water in oceans and tidal rivers. In the Bay of Fundy, which is between the Canadian provinces of Nova Scotia and New Brunswick, tides cause water levels to rise nearly 60 feet in some of the bay’s tributaries. When the water flows back to sea, people direct it through turbines to generate power.

Biomass Biomass is accumulated vegetable and animal matter that can be a major source of renewable energy. For instance, it is possible to burn biomass, such as wood. Wood is renewable, but forests must be managed carefully, because once trees are cut in an area, they need to be replanted. It takes many years before new trees are mature enough to be harvested again for fuel. Vegetation, such as wood, is the result of photosynthesis converting the Sun’s energy into matter (see Figure 7.35).

[[Insert Figure 7.35 here]]

Biomass can be converted to other energy forms. It is a hydrocarbon, so it can be changed from a solid to a gas in a gasification process. This process models rotting in nature, a process by which methane gas is produced. Biomass can be converted to a liquid fuel through fermentation, creating alcohol. For instance, gasohol is a mixture of gasoline and alcohol. Gasoline is a nonrenewable resource, but we can deplete it less quickly if it is mixed with grain alcohol, a renewable resource.

One benefit of renewable energy sources is that they seemingly require no costs. However, the energy value of renewable sources is low compared with nonrenewable sources, so we need much greater amounts of land to gather solar energy for biomass and solar collectors, much greater amounts of space to capture wind energy, and much greater amounts of dammed lakes for hydropower. The renewable sources are also variable; in other words, the Sun needs to shine to provide solar energy, and the wind needs to blow to produce power from windmills.

[[Start SECTION FOUR FEEDBACK > here]]

SECTION FOUR FEEDBACK >
1.
Discuss some of the trade-offs in using renewable and nonrenewable energy sources to provide heating for your home.

2.
If photovoltaic cells convert 10% of the incident sunlight into electricity, how much electricity could a 6 ( 10-meter roof generate in an 8-hour day?

3.
Propane is a hydrocarbon gas, C3H8. Write the equation for the complete combustion of one propane molecule.

[[End SECTION FOUR FEEDBACK > here]]

SECTION 5: Analyzing Engines and Power Systems

[[Start KEY IDEAS > Box here]]

KEY IDEAS >
· Power systems have a source of energy, a process, and loads.

· The Carnot power-producing cycle has the highest theoretical efficiency.

[[End KEY IDEAS > Box here]]

Engines produce power from burning fuels. Some engines burn the fuels internally, while others burn the fuels outside the mechanism of the engine itself.

Internal Combustion Engines

We all know that one of the most important power-producing devices is the internal combustion engine, which is used in automobiles and many other machines. It is called an internal combustion engine because combustion occurs within it. The first attempts to make an internal combustion engine were in the mid-1800s, using gunpowder to push the piston upward. The first successful internal combustion engine was invented in Germany by Nicolas Otto in 1876. It was smaller and more efficient than the steam engines of the time. Another early internal combustion engine was developed by Rudolf Diesel, who wanted to operate an engine on powdered coal. Unfortunately, his model exploded. Later designs, in which the engine operated on liquid fuel, were successful.

[[Insert Figure 7.36 here]]

Figure 7.36 is a schematic diagram of a piston-cylinder internal combustion engine. The engine cylinder has a bore (its diameter) and a stroke (the maximum length the piston moves in one direction). When the piston is at the topmost extreme, it is said to be at top dead center.

[[Insert Figure 7.37 here]]

When the piston is at its bottom extreme, it is said to be at bottom dead center. The volume swept by the piston in moving between top dead center and bottom dead center is the displacement volume. The sum of the cylinder displacement volumes is the engine displacement. In automobiles, an engine might be said to have a 2.5-liter or 153-cubic inch displacement. An engine’s compression ratio, r, is the cylinder volume at bottom dead center divided by the cylinder volume at top dead center. In general, the higher the compression ratio is, the greater the engine’s efficiency. There are limits on the compression ratio for spark-ignition engines, because if the temperature of the air/fuel mixture is too great at the end of the compression stroke, it may prematurely ignite. For both compression-ignition (diesel) engines and spark-ignition engines, there are material strength limitations that curtail the maximum temperature and pressure inside the cylinder. This affects how high the compression ratio may be in diesel engines.

Many spark-ignition and compression-ignition (diesel) engines operate on a four-stroke cycle, as shown in Figure 7.37.

Near the top of the compression stroke, the spark plug fires, and combustion of the air/fuel mixture begins. Fuel combustion continues as the piston moves downward on the power stroke. The pressure would ideally remain constant, but actually it increases, and then decreases once the combustion ceases. The four strokes in the cycle are:

1.
Intake stroke: The intake valve is open; the exhaust valve is initially open, but then it closes and the piston moves downward, bringing fresh air/fuel mixture into the cylinder.

2.
Compression stroke: Both the intake and exhaust valves are closed, and the air/fuel mixture is compressed by the upward piston movement.

3.
Power stroke: Both the intake and exhaust valves are closed; spark ignition and combustion occur, with the resultant pressure increase forcing the piston downward.

4.
Exhaust stoke: The exhaust valve is open, the intake valve is closed, and the upward movement of the piston forces the products of combustion (exhaust) from the engine.

A compression-ignition, or diesel, engine has no spark plug. During the compression stroke, air is compressed to high temperature and pressure. Then, a fuel injector injects the fuel at high pressure into the cylinder, where it is ignited in the high-temperature environment. The temperature and pressure at the end of the compression stroke are higher than in the spark-ignition engine.

The four-stroke cycle is a mechanical cycle, and there are two revolutions for every power cycle. One revolution involves intake and compression processes, and the other involves power and exhaust processes.

Figure 7.38 illustrates a four-stroke cycle pressure-displacement (volume) diagram. The area marked WI represents the work done by the engine during the power stroke, while the area WII represents the work consumed by the engine during the exhaust and intake stroke. The area marked WII has been exaggerated to show the effect of consumed work. Most engines are self-aspirated, or naturally aspirated, which means they do not require a mechanical air supply system. The piston provides the necessary air supply on its intake stroke.

Supercharging and turbocharging of an engine allow a greater mass of air into the cylinder; thus, more fuel can be burned in the cylinder, providing a greater energy release and increasing the power potential of the engine (see Figure 7.39). For a turbocharged engine, the area of WI on the p-V diagram increases. Thus, the net work will increase as well. In an engine of a given size, the power can be increased by supercharging or turbocharging. A smaller supercharged or turbocharged engine can produce the same power as a larger self-aspirated engine. Many trade-offs must be made in designing an engine to maximize the net work, or power, including timing of intake and exhaust valve opening and closing, the timing of combustion, duration of combustion, and the air mass in the cylinder.

[[Insert Figure 7.38 here]]

A supercharger is an air pump that is directly connected to the engine, typically by a belt drive. As the engine rotates, the pump compresses air and forces it into the intake manifold. Thus, the air-fuel mixture in a spark-ignition engine or the air in a diesel engine has a greater density, so the mass per unit volume is higher. A turbocharger performs a similar function as the supercharger, but it is not directly coupled to the engine. Instead, a turbocharger relies on the energy from the exhaust to power a turbine, which in turn drives a compressor. At low engine speeds, a turbocharger is not effective because there is insufficient exhaust gas flow. A turbocharger can operate at over 100,000 rpm.

[[Insert Figure 7.39 here]]

External Combustion Engines

In external combustion, fuel is burned outside the engine, and its energy is transferred to another liquid or gas within the power system. The liquid or gas converts thermal energy into mechanical energy, producing power. Many power plants use steam as a source of power, as shown in Figure 7.40.

An energy source such as gas, oil, coal, biomass, or nuclear power is used to boil water under pressure in a steam generator, creating high-temperature steam under high pressure. This steam flows through a steam turbine, causing it to rotate an electric generator that produces electricity, which is distributed through power lines. The steam from the turbine is then condensed, and the water is pumped back to the steam generator. This power plant can be easily modeled, as shown in Figure 7.41. Notice that power systems have a source of energy, processes for converting energy, and energy loads or demands.

[[Insert Figure 7.40 here]]

[[Insert Figure 7.41 here]]

The energy from the heat added to the system (from the fuel burned outside the engine), Qin, must be equal to the energy leaving the system. The energy leaving the system includes the net power produced, Wnet, and the heat output, Qout. Thus, the energy added (Qin) is equal to the power produced and the heat out is equal to the sum of the power produced. This is a simple and far-reaching powerful statement:

Qin = Wnet + Qout
This problem also can be solved for the power: Wnet = Qin – Qout. Therefore, the net power is the difference between the heat in and the heat out. It can be determined by knowing the heat flows. The heat in is provided by a variety of fuels—coal, oil, wood, nuclear, or solar.

A power plant converts thermal energy into power, so it is important to know how efficiently this can be done. An ideal model is often used to determine the maximum amount that can be converted; in other words, the maximum efficiency that can be obtained. For all power plants, large or small, the efficiency (eff) is:

[image: image4.emf]
The Carnot cycle has the highest theoretical efficiency of any power producing cycle. It can be used to model an ideal power plant, as shown in Figure 7.42.

You can determine the efficiency of a power plant operating on the Carnot cycle in terms of cycle high and low temperatures. The cycle high temperature, or combustion temperature of the gasses, is TH. The cycle low temperature is the ambient air temperature, TC. The efficiency is:

[[Insert Figure 7.42 here]]

[image: image5.emf]
[[Start ENGINEERING QUICK TAKE here]]

ENGINEERING QUICK TAKE
Heating a Rural School

Imagine that you live in a rural area. Your local school wants to determine whether it should generate its own electricity by using wood as the fuel supply rather than by purchasing electricity from the public utility. One key question to consider is how much wood is required. You and your engineering/technology team volunteer to determine this amount. The principal says that the school uses 1,000 kW of electricity on school days from 8 a.m. until 4 p.m., and 300 kW from 4 p.m. until 8 a.m. She would like to know the daily and weekly wood requirements.

[[Insert Figure 7.43 here]]

How do you begin? One of the team members remembers that a Carnot cycle produces the maximum efficiency, and suggests using the cycle as a model for the power plant. Another member asks what the high and low temperatures should be. Review the earlier discussion in the chapter about combustion, and ask yourself: What is an indicative value? What is ambient (room) air temperature in degrees Kelvin? The investigations show that TH = 1,500 K and that room temperature, TC, is 27 C, or 300 K.

What is electricity? It is a form of power—electrical work divided by time, or Wnet. Also, you can express efficiency in terms of temperature and in terms of power and heat flow:

[image: image6.emf]
Because we know the efficiency is 80 percent, we can find the heat required from the other efficiency expression at the two power levels.

[image: image7.emf]
[image: image8.emf]
[image: image9.emf]
Where does the heat come from? From burning wood. From Table 7.4 we find that the heating value of wood is 20,350 kJ/kg. In other words, one kilogram of wood will produce 20,350 kJ of heat. To find out how much wood is needed, determine the total heat input required at each of the loads and then add the numbers together. In our calculations, the school consumes 1,250 kW for 8 hours and 375 kW for 16 hours. Also, one kW equals one kJ/s, and an hour equals 3,600 seconds.

Total Heat at 1,250 kW
Total Heat at 375 kW

Q = (1,250 kJ/s)(3,600 s/h)(8 h)
Q = (375 kJ/s)(3,600 s/h)(16 h)

Q = 36,000,000 kJ
Q = 21,600,000 kJ

The total heat required each day would be the sum of the two numbers, or 57,600,000 kJ. The school needs to burn this amount of wood to heat the school. Let’s convert this amount to kilograms and pounds:

Qin = mf hRP
57,600,000 kJ = (m kg)(20,350 kJ/kg)

2,830 kg

Because 2.2 pounds equals one kilogram, the result is 6,226 pounds, or a little more than 3 tons of wood per day. Typically, the wood is in the form of wood chips, so volume requirements are substantial. Also, the ideal power-plant efficiency we calculated is at least twice that of an actual small power plant, so the actual fuel amount will at least double our result.

Wait, we haven’t answered all the principal’s questions yet. We have determined the wood requirements for the times when school is in session. On weekends, however, less energy is used, so demands for all 24 hours can be considered as 300 kW.

The total heat for Saturday and Sunday (QSS) is:

QSS = (375 kJ/s)(3,600 s/h)(48 h) = 64,800,000 kJ

The total heat for the five weekdays is:

Q5D = (5 days)(57,600,000) = 288,000,000 kJ

For the week, the total heat is the sum of the weekend and weekday amounts:

QWEEK = QSS + Q5D = 64,800,000 + 288,000,000 = 352,800,000 kJ

Qin = mf hRP
352,800,000 kJ = (m kg)(20,350 kJ/kg)

17,337 kg

The weekly amount of wood required is 17,337 kg, or 38,171 pounds, or 19 tons.

Extension Using information from the Internet, determine the cords of wood required daily and weekly.
[[End ENGINEERING QUICK TAKE here]]

[[Start SECTION FIVE FEEDBACK > here]]

SECTION FIVE FEEDBACK >
1.
Describe the four-stroke cycle.

2.
If a power plant uses 1,000 kW of heat energy input and delivers 600 kW of heat energy output, what is the power produced? What is the power plant’s efficiency?

[[End SECTION FIVE FEEDBACK > here]]

CAREERS IN TECHNOLOGY
Matching Your Interests and Abilities with Career Opportunities: Power-Plant Operator

Competition will intensify for jobs as power-plant operators as the power-producing industry consolidates. People with training in computers and automation will be in demand.

Nature of the Industry

Electricity is essential for functioning in today’s world. From the moment you awaken to an alarm from a clock radio, to the moment you check out the late news on television or the Internet, you are dependent on electricity. Power-plant operators are at the heart of this electricity-generation process, operating and controlling its machinery. They monitor the equipment—turbines, boilers, generators, and auxiliary equipment—that is used to create electric power, and they monitor the characteristics of the generators’ electrical energy (voltage, frequency, current). The operators use computer systems within air-conditioned central control rooms to see and monitor the equipment.

Working Conditions

Power plants operate twenty-four hours a day, seven days a week, and fifty-two weeks a year, so power-plant operators must be on duty at all times. The work is typically divided into three eight-hour shifts or two twelve-hour shifts. Thus, operators might work from 8 a.m. to 4 p.m. for five days, then might work from 4 p.m. to midnight the next week. Operators periodically change shift assignments so that they all share the less desirable times. The work is not physically demanding, but it is mentally challenging; constant attention and vigilance is required in an environment in which the equipment works correctly most of the time.

Training and Advancement

Entry-level laborers can advance to become power-plant operators. Often, employers seek people who have completed college-level technical courses and/or technological degrees. Entry-level workers begin in the maintenance and repair of equipment. Depending on their aptitude, educational background, and ability, they may advance to become operators. Several years of training are required to become a qualified control-room operator. Utilities often hire from within, so there is limited opportunity to move from one employer to another.

In the case of nuclear power plant operators, the educational background and training is very extensive. Operators must pass Nuclear Regulatory Commission examinations to be licensed. To continue to be licensed, all power plant operators must receive refresher training on simulators that model the plant where the operator works. This training teaches operators how to respond quickly and appropriately to given scenarios, even though they might never occur.

Outlook

The demand for electricity continues, but the construction of new power plants has slowed because of a variety of regulatory and economic challenges. Thus, the workforce for plant operators probably will not expand, but the need for more highly qualified workers will remain. New and upgraded power plants use sophisticated automated equipment, so people with the knowledge and ability to operate in these environments will be in demand.

[Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2008–09 Edition, visited May 2008, http://www.bls.gov/oco/]

Summary >

There are many different forms of energy. These forms include radiation, thermal, electrical, mechanical, chemical, and nuclear. Among these forms of energy, many transformations can take place; for example, atomic energy can be transformed into electrical energy. However, not all energy transformations are reversible; electrical energy cannot be transformed into atomic energy. Furthermore, it might not be possible to transform one energy form directly to another. Several transformational steps may be necessary.

Radiation is energy that is emitted from an object, and thermal energy (also called internal energy) is created by the motion of atoms and molecules that occurs within all matter. Electrical energy, or electrical work, is caused by the flow of electrical charge through an electrical field. Mechanical energy, or mechanical work, is energy that one person or object expends in moving another object. Chemical energy is energy associated with the molecular and atomic structure of matter, and nuclear energy is associated with a substance’s atomic structure.

Heat and work are two energy forms that are sometimes created during a transformation from one type of energy to another. Heat is thermal energy that is transferred between two objects because of a temperature difference between them. There are three modes of heat transfer: conduction, radiation, and convection. Conduction is heat transfer within a material caused by a temperature difference between the material’s inside and outside surfaces. Radiation is the flow of thermal energy between two bodies separated by a distance, such as bread and electrical wire in the toaster, or the Sun and the Earth. Convection is the transfer of heat between a surface and a fluid or gas. Power is the rate at which work or heat transfer occurs.

Matter possesses three types of intrinsic energy. Kinetic energy is the energy an object possesses because of its motion. Gravitational potential energy is associated with the mass’s position relative to the ground. Internal energy, a less tangible form of energy, is the energy often associated with a substance’s molecular structure.

Thermodynamics applies two simple yet far-reaching laws to a wide range of energy systems. The First Law of Thermodynamics, the law of conservation of energy, states that in any energy transformation, energy is conserved. Energy can change form, but the total amount of energy is constant. The Second Law of Thermodynamics states that whenever an energy transformation occurs from one form to another, there is a net decrease in energy value.

Energy comes both in nonrenewable and renewable sources. Oil, natural gas, and coal are called fossil fuels and are nonrenewable energy sources. Uranium is another important nonrenewable energy resource. It is not a fossil fuel, but a nuclear, or atomic, fuel. Renewable energy sources, including solar power, wind, water, and biomass, are readily replaced daily or within a few months or years.

One of the most important power-producing devices is the internal combustion engine. In such an engine, combustion occurs from within. In an external combustion cycle, fuel is burned outside the engine, and its energy is transferred to another liquid or gas within the power system. Many spark-ignition and compression-ignition (diesel) engines operate on a four-stroke cycle.

FEEDBACK
1.
Describe the relationship between electrical charge and current flow.

2.
Research and make a sketch of an iron oxide (rust) molecule.

3.
Your mother asks you to carry a gallon water bottle from the car to the house. She carries one as well. You go directly to the house, but your mother gets the mail, checks the flower beds, and then enters to the house. Who did more work in carrying the water? Why?

4.
What is heat? Why does heat flow happen?

5.
If you double the thickness of insulation, what happens to the heat flow? Does it double, decrease by one-half, or stay the same? Why?

6.
Investigate the R factor of building insulation. What values did you find for 3-inch and 6-inch-thick insulation?

7.
On a chilly afternoon, you decide to use a portable electric heater to warm the air. Describe the heat transfer processes that occur.

8.
A person holds a water balloon that contains 0.5 kg of water. He throws it upward so that it is 5 meters above the ground at its highest point before descending. What is the balloon’s potential energy at that point? What is the velocity with which the balloon hits the ground? (In this case, all the potential energy is converted into kinetic energy.)

9.
How much heat does it take to increase 2 kilograms of
(a)
air,
(b)
liquid water, and
(c)
aluminum from 27 C to 77 C? (Hint: K = 273 + C.)

10.
Perform the “Calculating Horsepower” feature earlier in the chapter for a truck that weighs 2,500 kg, travels at a speed of 60 mph, and takes 10 seconds to reach 60 mph.

11.
Investigate the size of windmills that are used to generate power. How large are the typical windmills?

12.
Assume that a windmill blade has a radius of 50 meters and that the wind is blowing at 15 mph. What would be the maximum theoretical power the windmill could produce?

13.
What is the First Law of Thermodynamics?

14.
What does the Second Law of Thermodynamics deal with and explain?

15.
A student pushes a box with a force of 200 newtons a distance of 10 meters. What is the work done? (Hint: A newton-meter is equal to one joule.) If the student accomplished this task in 5 seconds, what was her power?

16.
What are the differences between renewable and nonrenewable energy sources?

17.
Describe three types of renewable energy sources and how long it takes them to be renewed.

18.
What are differences between a spark-ignition (gasoline) engine and a compression-ignition (diesel) engine?

19.
Describe and illustrate a four-stroke cycle internal combustion engine.

DESIGN CHALLENGE 1:
Windmill Blade Design

· Problem Situation

Windmills have been used for centuries to generate power. For much of this time windmills rotated slowly, generating the power needed to pump water or grind grain. Recent advances in windmill design have allowed windmills with long blades to generate electric power; the blades rotate faster than those of older designs. Windmill-blade design is similar to that for helicopters and airplanes.

· Your Challenge

Design and construct a windmill that produces the maximum power for a given wind velocity. Refer to this activity in the student workbook. Complete the first section of the Informed Design Folio (IDF), stating the design challenge in your own words.

· Safety Considerations

1.
Never cut toward your body or point any sharp item at your body or at anyone else.

2.
Do not put your fingers near a rotating fan blade.

3.
Wear protective glasses at all times.

4.
The glue gun can be hot, so use caution.

· Materials Needed

1.
Foam board

2.
One-inch balsa wood strips

3.
Glue gun

4.
Sandpaper

5.
A hub for connecting blades

· Clarify the Design Specifications and Constraints

To satisfy the problem, your design must meet the following specifications and constraints.

· Specifications

1.
The windmill will be directly coupled to a DC generator.

2.
The wind is generated by a 20-inch box fan placed three feet from the windmill.

· Constraints

Refer to the IDF and state the specifications and constraints. Include any others that your team or your teacher included.

· Research and Investigate

1.
Refer to the Student Workbook and complete KSB 1, History of windmills.

2.
Refer to the Student Workbook and complete KSB2, Constructing a Simple hub.

3.
Refer to the Student Workbook and complete KSB 3, Blade design.

· Generate Alternative Designs

Refer to the Student Workbook and describe modifications to the standard design solutions. Use sketches to indicate each solution’s strengths and weaknesses. Your sketches should show sufficient detail, such as blade shaping and number. Include justifications for the different solutions.

· Choose and Justify the Optimal Solution

Refer to the Student Workbook. Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct the windmill blades and rotor. Include drawings of the pieces you used to construct the blades and windmill. Also include a sketch of the final design or take a photograph of your model and place it in the Student Workbook.

In any technological activity, you will use seven resources: people, information, tools/machines, materials, capital, energy, and time. In the Student Workbook, indicate which resources were most important in this activity and how you made trade-offs among them.

· Test and Evaluate

Did your new design meet the initial specifications and constraints? Explain the tests you conducted and the experiments you performed to verify your results.

· Redesign the Solution

Respond to the questions in the Student Workbook about how you would redesign your solution based on knowledge and information that you gained during the activity.

· Communicate Your Achievements

In the Student Workbook, describe the plan you will use to present your solution to your class and show what handouts or graphs you will use. (You may include PowerPoint slides.)

DESIGN CHALLENGE 2:
Cooling a Hot Dog

· Problem Situation

During the summer, temperatures can reach uncomfortably high levels, especially for our four-legged friends who live in doghouses. In this challenge, the doghouse is not located near an electrical outlet. However, photovoltaic shingles generate electricity when the Sun hits them, so you can use this resource to provide Fido with a cooling fan powered by the shingles.

· Your Challenge

Design and construct a model doghouse that uses photovoltaic shingles to provide electricity for powering a fan.

· Safety Considerations

1.
Never cut toward your body or point any sharp item at your body or at anyone else.

2.
Do not put your fingers near a rotating fan blade.

3.
Wear protective glasses at all times.

4.
Use hammer and nails with care.

· Materials Needed

1.
One photovoltaic (PV) shingle, approximately 85 inches long

2.
Wiring for the shingles

3.
Nails

4.
Wood

5.
Small DC motor

6.
Fan blade

· Clarify the Design Specifications and Constraints

To satisfy the problem, your design must meet the following specifications and constraints.

· Specifications

The design should provide circulating air flow in the doghouse.

· Constraints

Refer to the IDF and state the specifications and constraints. Include any others that your team or your teacher included.

· Research and Investigate

1.
Refer to the Student Workbook and complete KSB 1, History of photovoltaic power.

2.
Refer to the Student Workbook and complete KSB2, Positioning of the solar cells.

3.
Refer to the Student Workbook and complete KSB 3, Wiring fundamentals.

· Generate Alternative Designs

Refer to the Student Workbook and describe modifications to the standard design solutions. Use sketches to indicate each solution’s strengths and weaknesses. Your sketches should show sufficient detail, such as the slope of the roof and wiring diagrams. Include justifications for the different solutions.

· Choose and Justify the Optimal Solution

Refer to the Student Workbook. Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct the doghouse with the PV shingles. Include a sketch of the final design or take a photograph of your model and put it in the Student Workbook.

In any technological activity, you will use seven resources: people, information, tools/machines, materials, capital, energy, and time. In the Student Workbook, indicate which resources were most important in this activity and how you made trade-offs among them.

· Test and Evaluate

Did your new design meet the initial specifications and constraints? Explain the tests you conducted and the experiments you performed to verify your results.

· Redesign the Solution

Respond to the questions in the Student Workbook about how you would redesign your solution based on knowledge and information that you gained during the activity.

· Communicate Your Achievements

In the Student Workbook, describe the plan you will use to present your solution to your class and show what handouts or graphs you will use. (You may include PowerPoint slides.)

Numbered Figure

Figure 7.1|Energy sources include the Sun, wind, fossil fuel, water, and wood.

Figure 7.2|The electromagnetic spectrum ranges from very long radio waves to very short gamma rays.

Figure 7.3|Heat from a flame is transferred to the water, increasing the water’s thermal energy.

Figure 7.4|Marbles entering and leaving a tube provide a model of electron flow through a conductor.

Figure 7.5|An oxygen atom has eight neutrons, eight protons, and eight electrons.

Figure 7.6|In this example of nuclear fission, a neutron collides with uranium 235, creating an unstable element, uranium 236. Uranium 236 splits into two radioactive elements, krypton and barium, and three neutrons.

Figure 7.7|In nuclear fusion, smaller nuclei are joined to create a larger nucleus.

Figure 7.8|The person pushing the empty shopping cart does less work, and therefore exerts less force, than the person pushing the full cart.

Figure 7.9|Heat flows from the electric heater elements to the bread via radiation and convection. When the bread’s surface temperature reaches about 310 F, the sugars and starches begin to carmelize and the surface turns brown.

Figure 7.10|This insulation has been installed into a wall, but it arrived at the building site in rolls. The thicker the insulation is, the greater the R factor. The R factor for a 3½-inch thickness is 13; for a 6-inch thickness, R 5 20, and for 12 inches, R 5 43.

Figure 7.11|An electric hot water heater works via convection heat transfer between a surface and a fluid.

Figure 7.12|A runner has kinetic energy.

Figure 7.13|When an apple hits a man on the head, the apple’s kinetic energy is converted to internal energy.

Figure 7.14|The more powerful the engine, the faster a car can go; this 2007 Z06 Corvette is fast.

Figure 7.15|The engine is doing work to change the car’s velocity.

Figure 7.16|Traditionally, windmills have been used to generate power for farms.

Figure 7.17|All the energy in the wind before it hits the blades remains in the wind after leaving the blades, except for the amount that is converted to power.

Figure 7.18|Water heating on a gas stove illustrates the transformation of the gas flame’s chemical energy to thermal energy and the transfer of thermal energy from the flame to the water.

Figure 7.19|An automotive engine is a small power plant where fuel is burned.

Figure 7.20|Various energy-conversion processes occur in an automobile engine.

Figure 7.21|Ivo Coelho’s dragster has its rear tires screwed to the rim. The tire rippling indicates the large amount of torque being applied.

Figure 7.22|The interior of the dragster features protective tubing and a pneumatic shifter.

Figure 7.23|Forests provide a renewable source of energy. Trees are energy converters; they convert the Sun’s energy to cellulose fibers through photosynthesis.

Figure 7.24|Vegetation is compressed over time to form coal.

Figure 7.25|A methane molecule, written as CH4, is made of one carbon atom and four hydrogen atoms.

Figure 7.26|Trucks haul coal from a strip mine to a processing plant.

Figure 7.27|Engineers often work underground in coal mines, taking charge of a host of tasks, including managing the coal handling facilities, maintaining the water systems inside the mine, monitoring ventilation fans and overall inspections. Outside the mine, engineers are charged with other tasks, such as analyzing output and performing feasibility studies to determine whether new mining operations are feasible in a particular site.

Figure 7.28|An oil rig is used to recover oil from beneath the ocean’s floor.

Figure 7.29|Oxen are used to plow fields in developing countries.
Figure 7.30|A thermosiphon solar water heater receives cold inlet water. The cold water enters the bottom of the solar collector, passes through tubes, is heated, and is collected and stored in the tank for household use.

Figure 7.31|In this cutaway view of a Uni-Solar photovoltaic shingle, sunlight is converted directly to electricity in a photovoltaic device. The cells refer to p-n junctions where the energy conversion occurs.

Figure 7.32|Wind farms, like this one in Rio Vista, California, are primarily located in places where the wind blows briskly much of the time.

Figure 7.33|For centuries, people have used the gravitational potential energy of water to generate power. Here, Glen Canyon dam is shown with Lake Powell in the background and the Colorado river in the foreground.

Figure 7.34|The water from a reservoir passes through a Francis hydraulic turbine, causing it to rotate and turn an electrical generator.

Figure 7.35|Photosynthesis is a process of converting the Sun’s energy into mass, using carbon dioxide from the air, water, and minerals from the ground. The plants (trees) provide oxygen to the environment as part of the process.

Figure 7.36|In general, a higher compression ratio in an internal combustion engine will increase the engine’s efficiency.

Figure 7.37|Many spark-ignition and compression-ignition engines operate on a four-stroke cycle.

Figure 7.38|This pressure-volume (p-V) diagram represents a four-stroke spark-ignition engine.

Figure 7.39|This diagram of a turbocharger indicates the air and exhaust flows.

Figure 7.40|A power plant is typically adjacent to a body of water that is a source of cooling water for the plant. The power plant is many stories high, and the smokestacks can extend for hundreds of feet into the air.

Figure 7.41|The energy from the heat added to the power plant must be equal to the energy leaving the system.

Figure 7.42|For a power plant operating on the Carnot cycle, you can determine its efficiency in terms of the cycle high and low temperatures.

Figure 7.43|What is the best source of power for this rural school?
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