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12.2: The First Law of Thermodynamics - Internal Energy, Work, and Heat

Learning Objectives

o To calculate changes in internal energy

o Distinguish the related properties of heat, thermal energy, and temperature

o Define and distinguish specific heat and heat capacity, and describe the physical implications of both
e Perform calculations involving heat, specific heat, and temperature change

The relationship between the energy change of a system and that of its surroundings is given by the first law of thermodynamics,
which states that the energy of the universe is constant. We can express this law mathematically as follows:

AUuni'U = AUsys + AUsurr =0 (1221)
or
Alj.sy.s = _AUsur'r (1222)

where the subscripts univ, sys, and surr refer to the universe, the system, and the surroundings, respectively. Thus the change in
energy of a system is identical in magnitude but opposite in sign to the change in energy of its surroundings.

The tendency of all systems, chemical or otherwise, is to move toward the state with the
lowest possible energy.

An important factor that determines the outcome of a chemical reaction is the tendency of all systems, chemical or otherwise, to
move toward the lowest possible overall energy state. As a brick dropped from a rooftop falls, its potential energy is converted to
kinetic energy; when it reaches ground level, it has achieved a state of lower potential energy. Anyone nearby will notice that
energy is transferred to the surroundings as the noise of the impact reverberates and the dust rises when the brick hits the ground.
Similarly, if a spark ignites a mixture of isooctane and oxygen in an internal combustion engine, carbon dioxide and water form
spontaneously, while potential energy (in the form of the relative positions of atoms in the molecules) is released to the
surroundings as heat and work. The internal energy content of the CO, /H, O product mixture is less than that of the isooctane O,
reactant mixture. The two cases differ, however, in the form in which the energy is released to the surroundings. In the case of the
falling brick, the energy is transferred as work done on whatever happens to be in the path of the brick; in the case of burning
isooctane, the energy can be released as solely heat (if the reaction is carried out in an open container) or as a mixture of heat and
work (if the reaction is carried out in the cylinder of an internal combustion engine). Because heat and work are the only two ways
in which energy can be transferred between a system and its surroundings, any change in the internal energy of the system is the
sum of the heat transferred (q) and the work done (w):

AUy =q+w (12.2.3)
First Law of Thermodynamics

Although g and w are not state functions on their own, their sum (AUg) is independent of the path taken and is therefore a state
function. A major task for the designers of any machine that converts energy to work is to maximize the amount of work obtained
and minimize the amount of energy released to the environment as heat. An example is the combustion of coal to produce
electricity. Although the maximum amount of energy available from the process is fixed by the energy content of the reactants and
the products, the fraction of that energy that can be used to perform useful work is not fixed. Because we focus almost exclusively
on the changes in the energy of a system, we will not use “sys” as a subscript unless we need to distinguish explicitly between a
system and its surroundings.

Although q and w are not state functions, their sum (AUyys) is independent of the path
taken and therefore is a difference of a state function.
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A sample of an ideal gas in the cylinder of an engine is compressed from 400 mL to 50.0 mL during the compression stroke
against a constant pressure of 8.00 atm. At the same time, 140 J of energy is transferred from the gas to the surroundings as
heat. What is the total change in the internal energy (AU) of the gas in joules?

Given: initial volume, final volume, external pressure, and quantity of energy transferred as heat
Asked for: total change in internal energy
Strategy:

A. Determine the sign of ¢ to use in Equation 12.2.3
B. From Equation 12.2.3 calculate w from the values given. Substitute this value into Equation 12.2.3to calculate AU.

Solution

A From Equation 12.2.3 we know that AU = q+w (First Law of Thermodynamics). We are given the magnitude of ¢ (140
J) and need only determine its sign. Because energy is transferred from the system (the gas) to the surroundings, g is negative
by convention.

B Because the gas is being compressed, we know that work is being done on the system, so w must be positive. From Equation

12.2.3
w=— extAV
101.
= —8.00 atm(0.0500 L — 0.400 L) ( 01.3 J)
L-atm
=2841J
Thus
AU =q+w
=-140J+284 J
=144 J

In this case, although work is done on the gas, increasing its internal energy, heat flows from the system to the surroundings,
decreasing its internal energy by 144 J. The work done and the heat transferred can have opposite signs.

? Exercise 12.2.1

A sample of an ideal gas is allowed to expand from an initial volume of 0.200 L to a final volume of 3.50 L against a constant
external pressure of 0.995 atm. At the same time, 117 J of heat is transferred from the surroundings to the gas. What is the total
change in the internal energy (AU) of the gas in joules?

Answer
-2161J

By convention, both heat flow and work have a negative sign when energy is transferred from a system to its surroundings and vice
versa.

Summary

The first law of thermodynamics states that the energy of the universe is constant. The change in the internal energy of a system is
the sum of the heat transferred and the work done. The heat flow is equal to the change in the internal energy of the system plus the
PV work done. When the volume of a system is constant, changes in its internal energy can be calculated by substituting the ideal
gas law into the equation for AU.
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