Ch. 12-15 Thermal Physics
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Hopefully you are already familiar with the Fahrenheit, Celsius, and Kelvin temperature scales.  It is not necessary for you to be able to convert between Fahrenheit and Celsius, but it is important that you can convert between Celsius and Kelvin (K = oC + 273) and know that the increments of each scale are the same (i.e. a change of 1oC = to a change of 1K).  See the diagram to the right. 
Linear thermal expansion of solids 

· Most materials expand when heated and contract when cooled (the most notable exception being water between 273K and 277K). Buildings, highways (especially bridges), etc. must be constructed with expansion/contraction in mind.  The expansion is due to an increased separation between molecules as they gain more energy from an increase in temperature.
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· For modest temperature changes L  T and Lo; introduce a proportionality constant and 
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L = LoT

· L = change in length

· = coefficient of linear expansion with units of C-1  (table on page 351)
· Lo  = original length

· T  = change in temperature

· Bimetallic strips are constructed of 2 different metals, see diagram to the right, with different coefficients of expansions.  One expands more than the other causing a bend in the strip.  This is often used for the switch in thermostats and many other devices.  As the strip cools, it straightens and reconnects the circuit. 

Volume thermal expansion of liquids and solids
· Surface area and volume also change with temperature.


V = VoT

· coefficient of volume expansion

· Do holes expand or contract when heated?
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· Example 1.  A square steel plate with sides of length 1.00 m has a hole in its center 0.100 m in diameter.  If the entire plate is heated to such a temperature that its sides become 1.01 m long, what will be the diameter of the hole?
Heat and Internal Energy
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Heat is energy exchanged between objects because of a temperature difference.  Heat originates in the internal energy of a substance.  Internal energy is the sum of all the kinetic and potential energies associated with the molecules of the substance.  For gases, internal energy is directly proportional to temperature U=3/2nRT.  When heat flows in circumstances where the work is negligible, the internal energy of the hot substance decreases and the internal energy of the cold substance increases.  While heat originates in the internal energy of a substance, it is not correct to say that a substance contains heat.  The substance has internal energy, not heat.  Heat is used only when referring to the energy in transit from hot to cold.
· SI unit for heat and internal energy is J (joule).  You may be familiar with some of the older units (see box to the right) used for heat which were developed while there was still a big misunderstanding regarding heat.  James Joule (1818-1889) first quantified the relationship between mechanical energy and thermal energy.
Three methods of heat transfer 
1. Conduction is heat transferred directly through a material or from one material to another material in direct contact with each other by the process of molecule to molecule collisions (no net flow of material other than possibly expansion).  Metals are good conductors and gases are poor conductors.  Solids such as wood, Styrofoam, etc. are poor conductors (good insulators) because of the air or fluid spaces within them.
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· The rate of heat flow depends upon the thermal conductivity of the substance, temperature difference, cross-sectional area, and linear distance of the material



H=kA(T/L
· H = rate of heat transfer = Q/t

· k – thermal conductivity constant which depends upon the nature of the material

· A – cross-sectional area; greater the cross-sectional area the more heat that can flow
· (T – temperature difference; the greater the temperature difference the faster heat will flow

· L – length of material; the greater the length heat must flow through the slower the rate of transfer since less heat is conducted
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· Example 2.  In time t, an amount of heat Q flows through the solid door of area A and thickness d represented in the diagram to the right. The temperatures on each side of the door are T2 and T1, respectively. Which of the following changes would be certain to decrease Q ? 

a. Increasing A  
b. Decreasing d
c. Increasing d and T2 – T1 

d. Decreasing A and T2 – T1
e. Increasing d, A, and T2 – T1
2. Convection is heat transferred by the bulk movement of the molecules in a fluid (gas or liquid) due to different densities within a fluid caused by different temperatures within the fluid.  Typically the hotter the material the less dense it is.  The less dense material rises transferring its heat to the upper layers.  Convection currents are formed transferring the hotter (less dense) material upwards and the cooler (denser) material downwards.
3. Radiation is a process of heat transfer that does NOT involve matter, but rather electromagnetic waves (light).  We will cover electromagnetic radiation next semester.
Ideal Gas Law
· The ideal gas law is an equation that relates the pressure of a gas to the number of particles, volume, and temperature of the gas.  In physics we always work gas problems in SI units so make sure your units are consistent.


PV = nRT

· P = absolute pressure in Pa 

· V = volume in m3
· T = Temperature in K

· R = universal gas constant = 8.31 J/mol∙K

· n = number of moles
From Chemistry you should be familiar with the three gas laws. If you remember them you may use them when they apply although, as you know, the only gas law you need to memorize is the ideal gas law since all other gas laws can be derived from it.
· Example 3.  An ideal gas in a closed container initially has volume V, pressure P, and Kelvin temper​ature T. If the temperature is changed to 3T while the volume increases to 2V, what is the final pressure?

· Example 4.  An ideal gas occupies a volume of 5.0 mL at 25oC and atmospheric pressure.  Determine the number of molecules of gas in the container.
· Example 5.  Three moles of oxygen gas are at a pressure of 4.5 atm and a temperature of 220 K.  If the gas is heated at a constant volume until the pressure reaches 7.7 atm, what will be the final temperature?

Kinetic theory of gases
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The kinetic theory of gases gives an explanation for the behavior of gases at the molecular level.  Kinetic theory states that gas particles are in constant random motion undergoing elastic collisions with each other and the walls of the container and that the average translational kinetic energy of the particles is directly proportional to the Kelvin temperature of the gas.  This indicates that the higher the temperature, the faster the motion of the molecules.  This also indicates that (on average) massive molecules move slower than less massive molecules at the same temperature, although the average kinetic energy will be the same.  The graph to the right shows molecular speeds for oxygen at two different temperatures.  

· The average kinetic energy of each molecule is related to Kelvin temperature T by the equation
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, where kB is the Boltzmann constant, 1.38 x 10-23 J/K. 
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Substitute ½ mv2 in for kinetic energy and we can determine the velocity of a gas molecule.  Since the kinetic energy is an average, this calculated velocity is the root mean square velocity.
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( = mass of molecule
· Example 6.  If the absolute temperature of an ideal gas is doubled, by what factor does the average kinetic energy and root mean square speed increase?
· Internal energy for a gas is directly proportional to the Kelvin temperature.  An increase in temperature is the result of an increase in kinetic energy.  Since internal energy is a sum of the various kinds of energy that a substance posses, an increase in kinetic energy would increase the internal energy.
U=3/2nRT

Thermodynamics

· Thermodynamics is the study of the fundamental laws that govern heat and work.  Heat can be used to do work through the expansion of an object (in this class we will focus on gases).  Work can transfer energy to an object (compression of a gas) thereby increasing its internal energy and then flow to the surroundings in the form of heat.  In our study of thermodynamics you should be familiar with the following terminology.
· [image: image14.png]The system is the collection of objects upon which attention is being focused; the surroundings are everything else in the environment.  For example, the system in an automobile engine could be the burning gasoline (gas within piston chamber) and the surroundings would be the pistons, piston chamber, and in actuality, everything else in the universe. 
· Internal energy, symbolized by U, is the sum of ALL kinetic and potential energies in a stationary piece of matter.  
· Heat (thermal) energy, symbolized by Q, is energy transferred due to a temperature difference between system and surroundings.
· Work, symbolized by W, is energy transferred by the expansion or compression of the system.  We will refer to work done on or by a system; gases cool upon expansion (work done by system) and warm upon compression (work done on system).
Laws of thermodynamics 

0. Zeroth law ( if two systems are in thermal equilibrium with a third system, then they are in thermal equilibrium with each other.  Thermal equilibrium means that the objects have the same temperature and therefore no net heat would flow between the objects.
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First law ( the law of conservation of energy; mathematically stated

(U = Q + W
· Example 7. In a certain process, 400 J of heat is added to a system and the system simultaneously expands doing 100 J of work.  What is the change in internal energy of the system?

2. Second law
· Heat flows spontaneously from a hot object to a cold one, but not the reverse.

· No heat engine operating in a cycle can absorb thermal energy from a reservoir and just perform an equal amount of work. There cannot be a 100% efficient heat engine – one that can transform all heat into work (you cannot get more work out then what you put in and you cannot break even).  Prohibits perpetual motion machines.

· All spontaneous processes proceeding in an isolated system lead to an increase in entropy.  The entropy of the universe is always increasing.

3. Third law (it is not possible to lower the temperature of any system to absolute zero in a finite number of steps.
[image: image16.jpg](b)

Volume

ainssald

-\




[image: image17.jpg]Pressure

Isotherm

Volume
(b)



P-V diagrams
· A P-V diagram, shown right, is a graph of pressure versus volume for a gas undergoing a thermodynamic change.  In analyzing P-V diagrams you should always remember that 
1. Work is equal to the area under the curve. 
2. Changes in pressure, volume, and temperature can be found using PV=nRT.

3. Internal energy is directly proportional to temperature.  If temperature changes so does internal energy.

4. Work, heat, and internal energy are related with the law of conservation of energy (U = Q + W. 
The four thermal processes

In discussing each of the following processes, it is assumed that each occurs quasi-static, which means that it occurs slowly enough that a uniform pressure and temperature exist throughout all regions of the system at all times.
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Isobaric ( constant pressure (horizontal line on a P-V diagram).  During an isobaric expansion, shown in the graph to the right, heat is added to the gas, work is done by the gas, and the internal energy (temperature) of the gas increases.  During an isobaric compression (reverse the arrow on the graph) heat would be removed as work is done on the gas and internal energy decreases.  Since the line is horizontal work done on the gas can be calculated with the equation
W = -P(V
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2. Isochoric or isovolumetric ( constant volume (vertical line on a P-V diagram).  No work is done during an isochoric process so the change in internal energy is equal to the heat added or removed.  The diagram to the right shows the arrow is up so heat is being added and consequently the internal energy of the gas increases.  A down arrow would indicate the removal of heat and a decrease in internal energy.
(V=0 so W=0 and 
(U = Q
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3. Isothermal (constant temperature (hyperbolic).  An isotherm can be identified on a P-V diagram by a hyperbolic curve with P times V being constant.  As shown in the graph to the right, heat added to the gas is equal to the work done by the gas.  If the arrow were reversed then work done on the gas would be equal to the heat removed from the gas.
(T = 0 so (U = 0 and 
Q = -W
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Adiabatic ( no energy transferred as heat (either this change happens very quickly and the heat can’t flow fast enough or the system is extremely well insulated).  Work done on or by a system changes internal energy (temp must change).  Adiabatic expansion, shown right, occurs when the work done by the gas is equal to the change in internal energy (final temp must be less than initial temp).  Reverse the arrow and you would have adiabatic compression with the work done on the gas equaling the change in internal energy (final temp must be greater than initial temp).
Q = 0 so
(U = W
Cyclic processes
· Heat engines and refrigerators undergo cyclic processes that can be understood by analyzing the respective P-V diagram.  A cyclic process is one in which the system undergoes thermodynamic changes and returns to the same conditions at which it started.  In analyzing the P-V diagram, remember the following. 
1. [image: image24.jpg]


The change in internal energy for one cycle is 0 since the system returns to the same starting conditions.

 (T = 0 so (Ucycle = 0
2. The net work done on the gas for one cycle is the area enclosed by the curve on a P-V diagram. And since the change in internal energy is zero, the net work must equal the net heat exchanged.
Wnet = -Qnet = area enclosed
3. Heat engines do positive work on the surroundings so the cycle is clockwise (diagram to the right).  Heat engines must have expansion at a higher pressure and compression at a lower pressure.  Refrigerators do positive work on the system so the cycle is counterclockwise (reverse the arrows on the diagram to the right).  Refrigerators must have compression at a higher pressure and expansion at a lower pressure.
· Example 7. An ideal gas initially has pressure Po, volume Vo, and absolute temperature To.  It then undergoes the following series of processes:



I. 
It is heated, at constant volume, until it reaches a pressure 2po. 



II. 
It is heated, at constant pressure, until it reaches a volume 3 Vo. 



III. 
It is cooled, at constant volume, until it reaches a pressure Po. 



IV. 
It is cooled, at constant pressure, until it reaches a volume Vo.

a. On the axes below draw the P-V diagram representing the series of processes.  Label each end point with the appropriate value of absolute temperature in terms of To.
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b. For this series of processes, determine the following in terms of Po and Vo.

i. The net work done on the gas 

ii. The change in internal energy for one cycle

iii. The net heat absorbed

c. State whether the device that undergoes this cyclic process is a heat engine or refrigerator.  Justify your answer.

Heat engines

· Heat engines take many forms, from the internal combustion engine in the family car to the giant turbines that generate electricity for our homes. What they have in common is they convert thermal energy into mechanical energy by the expansion of a gas.  When a gas is heated (thermal energy) it can expand or flow producing motion (mechanical energy).  In an internal combustion engine the heated gas in the piston chamber pushes the piston downward.  For many electrical generators, coal is burned (or some other source of energy) which heats water producing steam (hot reservoir) that flows to a lower temperature (cold reservoir) and in the process causes a turbine to rotate. 



· Basic steps of a heat engine

1. The hot reservoir supplies heat to the engine at a relatively high temperature. 
2. Part of the input heat is used to perform work.
3. The remainder of the input heat is expelled to a reservoir at a lower temperature (cold reservoir or heat sink).
Refrigerators
· A refrigerator is basically a heat engine in reverse.  Work is done on a gas to move heat from a low temperature reservoir to a high temperature reservoir.



Thermodynamic efficiency
· Efficiency (symbolized by e) is a ratio of the work output to the work input.  The more efficient a process is the closer the ratio is to 1.  In thermodynamic processes, the energy available to perform work is Qh (work input) and the work output = Qh – Qc.
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· Find the efficiency of a gasoline engine that, during one cycle, receives 204 J of energy from combustion and loses 153 J as heat to the exhaust.

· The Carnot Engine is a hypothetical engine that operates in an ideal, reversible cycle called a Carnot cycle.  Carnot’s theorem states that no real engine operating between two heat reservoirs can be more efficient than a Carnot engine operating between the same two reservoirs.  The efficiency of a Carnot engine is the maximum efficiency that an engine operating between two fixed temperatures can have and is found by the difference between the two temperatures divided by the high temperature.
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All of the T’s are in Kelvin and the only way e can equal 100% is if Tc = 0 K.  



calorie ( heat required to raise the temperature of 1 gram of water 1 C; 1cal=4.186 J 


kilocalorie (1000 calories) ( the heat required to raise the temperature of 1 kilogram of water 1 C


Calorie (really a kilocalorie—used on food labels


British thermal unit (BTU) ( the heat required to raise the temperature of 1 lb of water from 63 F to 64 F; still used regarding ovens, air conditioners, etc.





Note that temperature is proportional to kinetic energy and kinetic energy is proportional to velocity squared.  Therefore, temperature is proportional to velocity squared.  Double the absolute temperature and kinetic energy doubles with the speed increasing by � EMBED Equation  ���





Internal energy, heat transfer, and work can be calculated individually by the following equations


U=3/2nRT


Q=nCP or V (T  	


Cp = molar specific heat at constant pressure; CV = molar specific heat at constant volume; Cp > CV since heat energy is used to perform work.


W = -P(V  


They are related to each other by the first law of thermodynamics.


(U = Q + W








Three laws of thermodynamics stated another way:


You can’t win; you can only break even.


You can only break even at absolute zero.


You can never reach absolute zero.





Main concept of each law


Zeroth law – temperature


First law – energy


Second law – entropy


Third law – absolute zero
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