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Lecture 3: 09.12.03 The first law of thermodynamics
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Reading:
Mortimer, Ch. 3 ‘Work, Heat, and Energy: The First Law of Thermodynamics,’ pp. 45-60 

Supplementary Reading:
Dill and Bromberg, Ch. 7 pp. 119-126 (further discussion of the first law, work, heat, and reversible vs. irreversible processes)

PLANNING NOTES:

Need to fill in conversion of work to heat examples

Last Time

Work and heat change the internal energy of a system

The first law: conservation of energy in thermodynamic calculations

· The most general expression for the energy of a system accounts for kinetic energy (K), potential energy of position (V), and internal energy (U):

(Eqn 1)
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· For thermodynamic systems, we are typically interested in materials at rest (K = V = 0)- thus we focus on the internal energy.  

· Internal energy, like kinetic and potential energy that you first encounter in physics, is conserved.  Energy lost from a system is not destroyed, it is passed to its surroundings.  The first law of thermodynamics is simply a statement of this conservation.  The first law, mathematically, is:

(Eqn 2)
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THE FIRST LAW
· Stated in simple language, the first law says that a change in internal energy is exactly accounted for by summing the contribution due to heat transferred (into or out of the system) and the work performed (on or by the system).

· The first law introduces the two ways of changing the energy of a system: via heat transfer or work.

Defining work and heat

Definition of work

· The meaning of mechanical work is somewhat intuitive; it is energy spent in applying a mechanical force to produce a displacement- a change in size of a system.  However, work can be described in more general terms and is comprised of many other forms in addition to mechanical work.  

· Generally, work is the product of a force F multiplied by a change in the extent of some extensive quantitiy of the system dx:

(Eqn 3)
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· Where dw is the rate work is performed in creating some infintessimal change in the extent of the system dx against the force F which resists that change. 

· You are familiar with mechanical work where F is a mechanical force and dx is a change in the length of a (one-dimensional) system, such as a spring.  However, work can take on many forms.  Some examples of interest for materials science & engineering include:

Examples of work in materials

	Force, F
	Change in system’s extent dx in response to this force (displacement):

	Pressure, P
	Volume dV

	Electric field, E
	Charge

	Chemical potential of A atoms, µA
	Number of A atoms, NA

	Surface tension, 
	Surface area of system, dA


· Applying pressure changes the extent of the system’s volume V.  Applying an electric field changes the extent of the system’s charge. We will discuss some of the important forms of work in more detail a few lectures from now.

Definition of heat

· We can use the first law and the definition of work given above to define heat: 

· Heat is the workless transfer of internal energy.  


DEFINITION OF HEAT
· Heat is thus a process, not a property of the system. 

Heat and work only refer to processes of energy transfer (!!!)

· A system does not ‘contain X amount of heat’

· A system does not ‘contain X amount of work’

· Energy transferred into a system as heat or work becomes part of the internal energy of the system- thus heat and work are not conserved.  Energy that goes into a system as heat might come out as work, and vice versa.

[image: image4.wmf]
Equivalence of work and heat

· The first law can be thought of as a statement of energy conservation, but it is also a statement of the equivalence of work and heat.  (Eqn 2) says that I could change the internal energy of a system by some amount (suppose the internal energy is increased 5 Joules, for concreteness) in two entirely different ways:

· Perform 5 J of work on the system with no heat transfer at the boundaries of the system.

(Eqn 4)
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· The process of work here, with no heat transfer, is an example of an adiabatic process (recall process definitions from Lecture 2).

· Transfer 5 J of heat into the system while performing no mechanical work (or any other form of work).

(Eqn 5)
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· The process of heat transfer here, where no work is performed on the system, is an example of an isochoric process.

· Combining knowledge of the type of process occurring with the first law allows one to calculate changes in internal energy directly from measurable quantities like heat and work.

· Real-world example here?

· Or use Joule expt. Carter p. 40
· You may be intuitively comfortable with the idea that mechanical work can convert to heat through processes such as friction.  Others following Joule confirmed that all forms of work- not just mechanical work- can be converted to heat.

· Example of electrical work -> heat?

Heat and work in reversible processes

P-V work in reversible processes

· Pressure on a system performs work at a rate that is well defined only if the work is done extremely slowly, such that the system is in equilibrium at all times and none of the mechanical work being done is converted to heat.

· This is referred to as a quasi-static process- it is reversible.
· In such a process, the rate at which work is performed is:

(Eqn 6)
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for a reversible (or quasi-static) process

· The total work for a quasi-static process is readily calculated by integrating:

(Eqn 7)
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· We can only integrate -PdV when the process is reversible!  

· If we rapidly compress or expand a real material, many microscopic non-equilibrium changes occur, some of the work is lost as heat, and we no longer can directly integrate –PdV to calculate the work performed.

Heat transfer is linked to an entropy change in reversible processes

· Our first real encounter with entropy comes in examining heat transfer in a reversible process, which provides one definition of entropy:

(Eqn 8)



[image: image9.wmf]


DEFINITION OF ENTROPY – REVERSIBLE PROCESS

· This equation provides some initial insight into the meaning of entropy, for reversible processes:

· Heat transferred into  a system at high temperature causes a small entropy change, while the same heat transfer at low temperature will cause a large entropy change.

· Adiabatic reversible processes- those with no heat transfer- induce zero entropy changes in a system.

· This equation may also be thought of as an explanation of how heat is converted into internal energy.  Heat received by a system changes internal energy by the product of the entropy change in temperature.

·  The reversible process definition of entropy provides a means to measure entropy changes during reversible processes.  It is the heat change in a system divided by the system’s temperature.

· The definition also allows us to show the link between entropy and internal energy.  Combining the first law with (Eqn 11):

(Eqn 9)
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for a reversible process

· In a reversible process where no mechanical work is performed, dU = TdS.

Path dependence vs. path independence of work, heat, and other thermodynamic functions

Path independent variables: State functions

· We have introduced several thermodynamic functions:

· Internal energy

U = U(S,V,N)

· Entropy


S = S(U,V,N)

· Pressure

P = P(V,N,T)

· We’ve just seen how the internal energy depends on S and V for the case of reversible processes.  We will show in a few lectures how U also depends on N.

· We have also introduced heat and work:

· Heat q


heat transfer rate; 

dq
· Work w


rate of work done on system: 
dw
· The thermodynamic functions above are distinct from work and heat: U,S, and P are examples of state functions, while q and w are not state functions

Characteristics of state functions using the ideal gas law as an example

· State functions are models for materials

· They model how thermodynamic variables are inter-related

· An example we will return to later: the P-V state function of an ideal gas: 

· Model for gaseous behavior

· Assumes molecules of gas do not interact

· P is a state function and is related to N, V, and T via a relation known as the ideal gas law:

(Eqn 10)
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· kb = Boltzmann constant

· If I know 3 variables, the fourth is determined by the state function
· For the ideal gas, If I know N, P, and T, then V is prescribed by V = NkbT/P

· State functions are path independent:

· Their value only depends on the current value of their dependent variables

· A state function can be integrated to calculate changes in the value of the function:

(Eqn 11)
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· Path-dependent functions like heat and work, on the other hand, can only be integrated in reversible processes.

Path dependent variables: heat and work

· Work and heat are not state functions; they are path dependent- what does this mean?

· In most physical situations, we are concerned with a quantity of heat or work transferred into or out of a material, which causes a change from one state of the material to another.  Path dependence implies that the amount of work or heat needed to make the change depends on how the process was performed, not just what state the material started in and ended in.

A simple example: path dependence of P-V work

· If mechanical work is performed on a material by placing it under pressure extremely slowly- such that none of the work is converted to heat (e.g. due to friction) and the system is in equilibrium at each moment, then the work performed is given by:

(Eqn 12)
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rate work is done on the system

· Note the sign convention!  The work term is negative if work is being done by the system, and positive if work is being done on the system.  

· A useful way to keep this straight in your mind is to imagine a gas pushing on a piston.  If the gas expands (dV > 0), it pushes the piston and does work- this transfer of energy to the surroundings should lower the internal energy (dw < 0).  If the gas is compressed, work is being done on the system (dV < 0), and the internal energy should go up as energy (in the form of work) is passed to the gas.

· Suppose I have a block of material that I put under various conditions, varying the pressure the material is under and it’s volume.  I do this to change from a state A (P1, V1) to state B (P2, V2) by two different paths, as illustrated below:

[image: image14.wmf]
· How might these nonlinear paths be obtained in a real experiment?

· Hint: how do I move along at constant pressure but increase volume? …raise temperature.

· Since I performed this work extremely slowly (without waste of any of the work as heat), we can calculate the total work for each path by integrating (Eqn 12):

(Eqn 13)
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· We can clearly see from the graphical representation that the work done along path 1 will be significantly different from that along path 2: the total work is path dependent.

· Summary of characteristics of path dependence:

· Value of the function varies depending on the path between 2 states, and not just on the identity of the initial and final states

· This makes sense since we have already stated that heat and work do not have meaning except in energy transfer.

· Heat and work are the main examples of path dependent functions used in thermodynamics.

Application example
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