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1. Heat and Internal Energy


Heat is energy that is transferred from one body to another without work (in particular, with no motion, no flows, no currents, no change in the volume). The heat transfer is solely due to the difference in temperature.
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In SI, heat unit is joule [J]. Also, special units, calorie [cal], Calorie, and British Thermal Unit [BTU], are used: 


� EMBED Equation.2  ���All these units are defined in terms of J.


Calorie is approximately heat needed to heat 1 g of water by 1OC, from 14.5OC to 15.5OC. British Thermal Unit rises temperature of 1 lb of water by approximately 1OF.





Heat, Internal Energy and Temperature


The three quantities have different meaning:
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Any work done on a body adds up and mixes into the internal energy. It is impossible to find what part of internal energy came as heat, mechanical work, etc. Therefore, the question “How much heat is contained in a body?” is meaningless. Heat is a special form of the transfer of energy, not an energy content. You can only tell how much internal energy is contained in a body.


Temperature is a measure of the average kinetic energy of molecules.





To remind:


Example 1: What is (average) internal energy U of 1 mol of the (simple) ideal gas at 20OC?


Solution: For monoatomic ideal gas:


� EMBED Equation.2  ���








There are translational, vibrational and rotational contributions to the internal energy of an ideal gas. Interaction between molecules contributes to the internal energy of liquids and solids.





Two-atomic ideal gas�
� EMBED Package  ���Double-click the icon to activate the demonstration package.


�
One can see molecules that simultaneously move, vibrate and rotate.
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2. Specific Heat





The amount of heat Q required to change the temperature of mass m of a material by � EMBED Equation.2  ��� is


� EMBED Equation.2  ���,


where c  is specific heat. It can be found as


� EMBED Equation.2  ���.





Note: Because only a change of temperature enters these equations, it does not matter whether one uses K or OC -- they are equal.























Specific heats of some substances:


Substance


(solid)�
Specific heat


kcal/kg K             J/kg K�
�
Aluminum�
0.22�
900�
�
Copper�
0.093�
390�
�
Glass�
0.20�
840�
�
Iron, steel�
0.11�
450�
�
Lead�
0.031�
130�
�
Marble�
0.21�
860�
�
Wood�
0.4�
1700�
�



Substance


(Mostly liquids)�
Specific heat


kcal/kg K             J/kg K�
�
Ethyl alcohol�
0.58�
2400�
�
Mercury�
0.033�
140�
�
Water:


Ice, -5OC


Liquid, 15OC


Gas (steam), 110OC�



0.50


1.00


0.48�



2100


4186


2010�
�
Human body (average)�
0.83�
3470�
�
For a gas, one has to distinguish the specific heat at a constant pressure (cp) and specific heat at a constant volume (cv).


When gas is heated at a constant pressure, it expands considerably and, doing so, does some work. Therefore, more energy is needed in this case to heat the gas. Consequently, 


� EMBED Equation.2  ���





Substance


(Gases)�
Specific heat, kcal/(kg K)


       cp                  cv�
�
Steam (100OC)�
0.482�
0.350�
�
Oxygen�
0.218�
0.155�
�
Helium�
1.15�
0.75�
�
Nitrogen�
0.248�
0.177�
�












Example 2: Find specific heat cv of a monoatomic (simple) ideal gas. Compare the data to He. 


Solution: The internal energy is 


� EMBED Equation.2  ���.


At  constant volume, no work is done by the gas and all the heat goes into internal energy. The change of internal energy per mole for v=const thus is


� EMBED Equation.2  ���.


From this, we immediately find the specific heat


� EMBED Equation.2  ���,


comparing to 0.75 kcal/(J mol) in the Table. 


Pretty good?


3. Calorimetry


The heat balance equation (conservation of energy in heat transfer):


heat gained = heat lost





Operational formulation of the heat balance:


�� EMBED Equation.2  ���











Example 3: An aluminum peace of m1=1.5 kg at T1=87OC is put into water (m2=2.4 kg) at T2=20OC. Find the final temperature of the system.


Solution:  We know that c1=900 J/(kg K) and c2=4186 J/(kg K). We denote the final temperature as T and use the balance equation in the second form:


� EMBED Equation.2  ���.


Collecting the like terms, we get


� EMBED Equation.2  ���.


From this we will immediately find the unknown T,


� EMBED Equation.2  ���


Similar, for any numbers of bodies brought into contact, the final temperature T is given by a similar formula


� EMBED Equation.2  ���

















4. Latent Heat
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Example 4:  An m1=0.9 kg piece of ice at T1=-20OC is placed into a 5.8-kg bowl of water at T2=30OC. Find what will be the final phase (ice, water+ice, or water) and temperature of the system.


Solution: First we will find the final phase. When the ice reaches temperature of 0OC, it will absorb heat of 


cIcem1(0OC-T1)=0.50 kcal/(kg OC) 0.9 kg 20OC=9 kcal. When it completely melts, it additionally absorbs a heat of 80 kcal/kg 0.9 kg=72 kcal. Altogether, the ice will absorb Q1= 81 kcal.


If the water reaches 0OC, it releases Q2=cWaterm2(T2-0OC)=1.0 kcal/(kg OC) 5.8 kg 30OC=174 kcal. This amount is greater then Q1 that the ice can absorb before completely melted.


Therefore all ice will be melted before the water will start to freeze.


Now we know that the final phase is water with temperature Tf somewhere between 30OC and 0OC. Let us find this temperature. We use the equation of heat balance:


� EMBED Equation.2  ���.


5. The First Law of Thermodynamics


The First Law of Thermodynamics is conservation of energy:


�� EMBED Equation.2  ���

















Internal energy U is determined by the state of a system. In contrast, neither work, nor heat are properties of the state of a system. Rather, they are determined by the way a system is brought to its state.


Example 4: The internal energy of a simple ideal gas is


� EMBED Equation.2  ���


It does depend only on the state of a system, as given by its temperature T, as for any system. The internal energy of an ideal gas does not depend on pressure: this property is characteristic of only an ideal gas.





Example 5: One mole of an ideal gas initially at T1=290 K is thermally insulated (that is, it cannot exchange heat). It is compressed (such a compression is called adiabatic), and its final temperature is T2=450 K. How much work is done?


Solution: We use The First Law of Thermodynamics,


� EMBED Equation.2  ���


Because the process is adiabatic (the system is thermally insulated), Q=0. Therefore,


� EMBED Equation.2  ���


The negative sign of W implies that the work is actually done on a gas (not by the gas). One would expect this, because the gas is compressed.





In this example we have actually found:


Work done in any adiabatic process


� EMBED Equation.2  ���.





�
Now, we will find work done in an isobaric process, that is in a process under constant pressure.


Work done in an isobaric process




















�











� EMBED Equation.2  ���


Thus, work done in an isobaric process is 


� EMBED Equation.2  ���














Example 5: Find work done and heat absorbed by a system in the cycle shown.


�PA=PB=10 Pa; VA=VD=5 m3;


PC=PD=1 Pa; VB=VC=7 m3;























Solution: A to B and C to D are isobaric processes, while B to C and D to A are isochoric (that is, at a constant volume) processes. There is no mechanical displacement and, consequently, no work in an isochoric process. Thus the total work is done in two isobaric processes,


� EMBED Equation.2  ���.


The work is the area limited by a cycle. This is a general property of any cycle.


The change of internal energy in any cycle is zero. Therefore, for an arbitrary cycle,


� EMBED Equation.2  ���,


the work done is the heat absorbed by a system.


For our numbers, we calculate


� EMBED Equation.2  ���.








�
6. The Second Law of Thermodynamics


There are known different equivalent formulations of The Second Law of Thermodynamics. The most powerful and actually the simplest, formulation is according to Clausius (1860’s). It is related to the notion of entropy. For a body in thermodynamic equilibrium, the change of entropy is defined as 


� EMBED Equation.2  ���.


Here Q is amount of heat added to a body, and T is temperature of the body. For a composite system, the change of entropy is the sum of the changes for all of its parts (that is, entropy is additive).


The second Law of Thermodynamics states that for any closed (that is, completely insulated) system, entropy cannot decrease, or


� EMBED Equation.2  ���





Other formulations of The Second Law of Thermodynamics can be obtained from this.


�Consider two bodies in a thermal contact














We calculate the change of entropy for the whole system:


� EMBED Equation.2  ���.


The requirement of the Second Law that � EMBED Equation.2  ��� is equivalent to the requirement


� EMBED Equation.2  ���.


This can be reformulated as another, equivalent statement of The Second Law, also due to Clausius:


Heat flow, if any, occurs naturally only from a hot object to a cold object. Heat will not flow spontaneously from a cold object to a hot object.











Carnot’s efficiency and Kelvin-Plank formulation


of the Second Law of Thermodynamics


� EMBED Equation.2  ���


�We are going to derive maximum work theorem. Its derivation is not too cumbersome, and its result is extremely simple. Consider the following system:
































Here, we assume that the heat engine works cyclically, that is it returns back to its initial state after the operation. Therefore, the engine itself does not release or store energy and, consequently, does not affect the energy balance or the value of entropy. Actual engines are of this type.


From The First Law of Thermodynamics (energy conservation), we get


� EMBED Equation.2  ���.


The Second Law of Thermodynamics for the system states that 


� EMBED Equation.2  ���.





�We calculate the entropies using their definition: � EMBED Equation.2  ���.





Then we substitute these into the Second Law and obtain


� EMBED Equation.2  ���.


Now we invoke the First Law of Thermodynamics (the equation of energy balance) that states


� EMBED Equation.2  ���.


We substitute this into the previous equation and obtain an inequality


� EMBED Equation.2  ���.


This can be algebraically transformed into:


� EMBED Equation.2  ���.


Solving this inequality for W, we finally obtain:


The Maximum Work Theorem


� EMBED Equation.2  ���.


This theorem states that the maximum work that any heat engine can do is limited as given by this inequality. Work produced W is always less than heat consumed QH. No engine can transform any given amount of heat completely into work.


Equivalently, one can introduce the efficiency of an engine


� EMBED Equation.2  ���


Carnot introduced the efficiency of an ideal heat engine


� EMBED Equation.2  ���


Comparing this with the previous inequality we arrive at yet another equivalent formulation, namely


Kelvin-Plank formulation of the Second Law:


� EMBED Equation.2  ���� EMBED Equation.2  ���


No heat engine can have efficiency higher than the Carnot’s (ideal) efficiency.


This result, in particular, implies that it is impossible to extract energy from a reservoir (for instance, an ocean) without having another reservoir with lower temperature and giving away some heat to it. Thus enormous amount of energy stored in a thermal motion of molecules in an ocean is unavailable. 


Ideal (Carnot’s) efficiency at ambient TL


�� T, K


� EMBED Word.Picture.6  ���, TOC





























Example 6: A heat turbine works between TL=300 K and TH=1000 K, generating 1 MW of power. How much heat [J] per second does it consume and how much heat per second does it release to the environment? Assume it is an ideal heat engine.


Solution: First, we determine the (ideal) efficiency of the turbine


� EMBED Equation.2  ���


From the definition of efficiency, we find the heat consumed per second:


� EMBED Equation.2  ���.


The amount of heat released per 1 s is


� EMBED Equation.2  ���


Thus 40% of its useful output this turbine spills into environment, creating thermal pollution. And this is an idealized turbine. A real turbine pollutes more, producing less!
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Internal (thermal) energy is the total energy of all molecules of a body at rest.


It depends on its volume, pressure, temperature, etc.
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� EMBED Equation.2  ���
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