Heat and Thermodynamics 3g*

Energy cannot be created or destroyed, although in many processes energy is transferred to the environment as heat. As a basis for understanding this concept: 

3. g* Students know how to solve problems involving heat flow, work, and efficiency in a heat engine and know that all real engines lose some heat to their surroundings.
Introduction to real heat engines.

As stated in Standard 3b, a good way to begin a study of heat engines is to discuss examples of actual engines.  Models like those that can be obtained from Cynmar (Petrol

022-39327 and Diesel 022-39329  www.cynmar.com) could help the discussion.  Even discussing a steam turbine would give a real reference to how work can be extracted from a heat engine as the heat flows from a high temperature source to a low temperature source.

Understanding he meaning of the area under a pressure vs. volume graph.

[image: image1.wmf]Although not specified in the statement of the standards, much of the physics of how heat engines work requires an appreciation that the area under a pressure vs. volume graph is work. A simple discussion of what happens when a piston confining a volume of gas moves outward under the force exerted by the pressure of the gas can help to understand this concept.
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can be represented on the pressure vs. volume graph illustrated above as the area under the graph.  We have chosen to use a graph for which the pressure remains constant, however, the area under any graph of pressure vs. volume (which can be approximated by a large sum of P ∆V rectangles) will always equal work or energy.  If pressure is measured in N/m2 (or Pascal) and volume is measured in m3 the product of pressure and volume will be Nm, which, as we already know, is a joule, the unit of work or energy.
Real engines and the PV graph.
If you do not have a model of an internal combustion engine to use to demonstrate with your class, a good animation can be obtained at:



http://auto.howstuffworks.com/engine1.htm&usg
Although there are several steps to the cycle, students can be brought to understand what is going on inside of their car’s engine and usually find it quite interesting.  This introduction to a real engine seems to be a good point of departure for the more abstract discussion that follows.  First, consider the Pressure -Volume graph of the engine cycle:
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the engine.  As with all heat engines, the first law of thermodynamics says that the difference between ∆QH and ∆QC will equal the work extracted from the engine.  The second law of thermodynamics demands that the engine will only operate if heat flows from a high temperature source (the exploding fuel air mixture) to a low temperature source (the exhaust into the environment.)

What makes the most efficient engine? ­­

The efficiency of any heat engine will be the work produced by the engine, W, divided by the heat introduced into the engine from the high temperature source, ∆QH.  Since ∆QC is lost to the environment, only ∆QH is of interest.  Designing the most efficient engine requires an understanding of how to get the most out of the heat put into the engine and minimizing the heat that must be wasted in the exhaust.  It would be nice if we could design an engine that would not waste any energy in the exhaust but the second law of thermodynamics demands that we can’t have heat flow through the engine unless we have a lower temperature sink to which the heat energy can flow.  So the question of engine efficiency reduces to:  What is the maximum work that can be extracted from an engine operating between a given high temperature source and low temperature sink?  Historically it is surprising to learn that this problem was solved before James Watt improved the efficiency of the steam engine and even before the kinetic molecular theory was understood.  In 1824 Sadi Carnot published an abstract paper that addressed this problem without even considering the mechanical details of the steam engines of his day.  His answer (that had to be rediscovered almost a half a century later) was that the most efficient engine must be a reversible engine.  That is, given heat sources of two different temperatures, the most efficient engine operating between these two sources could equally well work as a refrigerator operating between these two sources.  Let’s take an abstract look at an engine and a refrigerator:


With the refrigerator, work is put into it and it drives heat from the low temperature source to the high temperature source.  (Students find the details on how a refrigerator works to be very interesting. These details can be found on the web or in any good college physics text.)  The first law of thermodynamics demands that the difference between the heat extracted from the high temperature source and the heat rejected to the low temperature source will exactly equal the work output from the engine.  A reversible engine could be operated as a refrigerator.  The perfectly reversible engine, when operated as a refrigerator, would require the same amount of work put into the refrigerator to pump the same heat difference from the low temperature source to the high temperature source.  That is, run frontward or backward, as an engine or a refrigerator, the same heat difference would produce the same work output when run as an engine or require the same work input when run as a refrigerator.

At last we get to the argument that says the most efficient possible engine operating between two given temperatures must be a perfectly reversible engine. First imagine there is an engine that is even more efficient than a perfectly reversible engine.


temperature source through the super engine than will be driven from the low temperature source to the high temperature source by the “less efficient” reversible engine.  However, this would violate the second law of thermodynamics!  The overall heat transfer would be from low temperature to high temperature, entropy would be decreased.  Since this violates a basic law of physics, the super engine is impossible!

Computing the greatest possible energy that can be extracted between two different temperature sources.

Now that we know that the most efficient engine operating between two different temperatures is a reversible engine, we can compute the maximum possible efficiency we can expect from any engine operating between these two temperatures.  When a reversible engine completes a cycle, the change in entropy is zero.  (More details on how such an ideal engine, called a Carnot engine, operates, will not be discussed here but again, such details can be found on the web or in any introductory college physics text.)

Since entropy does not change,     QH/TH = QL/TL    or  QH/QL  = TH/TL   

The efficiency will be the work produced by the engine divided by the heat removed from the high temperature source, or    efficiency = W/QH
The work produced by the engine must be the difference between the heat extracted from the high temperature source and the heat delivered to the low temperature sink, or:


W  =  QH - QL   so efficiency =  (QH – QL)/QH  =  1 – QL/QH 
Since the engine is reversible in one complete cycle entropy will be same so we can use the first equation above and the maximum possible efficiency of any engine operating between two different temperatures will be:



Efficiency = 1 – TL/TH  or as a percent: = (100)(1 – TL/TH )

The above equations describe the maximum possible efficiency of any heat engine.  Since a perfectly reversible heat engine can never be achieved in practice, all heat engines will have less efficiency than will be computed in the above equations.  Notice also, that the greater the difference in temperature between the high temperature source and the low temperature sink, the greater the efficiency of the engine.  Many practical engines such as the gasoline engine in a modern automobile will rarely have an efficiency of greater than 20%.  Some of the most efficient steam turbines used in electrical generating plants will have efficiencies of around 40%. 

Finally, students often confuse efficiency with power.  An engine can be very efficient yet not powerful and vice versa.  Efficiency is the ratio of the work the engine puts out to the energy introduced into the engine from the high temperature source (such as the exploding gasoline air mixture in a gasoline engine).  Power is the work the engine can produce in a given amount of time.  Efficiency is usually measured as a percent.  Power can be measured in watts, kilowatts, horsepower, etc.

In the future, the most efficient engines will probably operate between very high temperature differences and will seem more like engines that could be operated backward as refrigerators.
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The piston shown on the right confines a volume of air inside of a cylinder under pressure, P.  The air is heated in such a way as to cause the piston to move to the right and for simplicity, the pressure is kept constant as the piston moves.   The area of the piston is A and from the definition of pressure, the force exerted on the piston by the air is F = PA.  As the piston moves in the cylinder it sweeps out a volume ∆V = A d where d is the distance the piston moves.  Since work equals F d = PA d = P ∆V we can see that the work done in moving the piston
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The cycle begins at 1 when the fuel air mixture is compressed to 2.  At this point the fuel air mixture is ignited introducing a large amount of heat, ∆QH into the cylinder with a corresponding large increase in pressure to 3.  From 3 to 4 the high pressure heated combustion products are allowed to expand against the piston delivering work to the crankshaft of the engine.  From 4 to 1 the exhaust valve opens and any excess heat ∆Qc leaves the cylinder and the pressure is returned to the original atmospheric pressure.  The area inside of this closed curve equals the work done by the engine.  ∆QH is the heat that enters the engine and ∆QC represents the heat that leaves the 
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In the diagram on the left the circle represents an engine and on the right the circle represents a refrigerator. In the engine the heat flows in from the high temperature source, work goes out and the heat left over flows into the low temperature source. 
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This super engine is represented with the oval in the diagram on the right.  Since the super engine is more efficient than the reversible engine, (now operating as a refrigerator), less heat will be extracted from the high temperature source by the super engine to produce the same amount of work output to run the refrigerator.  This means less heat will pass from the high








