
Eint = ∑
i

K
−

i = ∑
i

1
2mi vi

2.

From the discussion in the preceding chapter, we know that the average kinetic energy of a molecule in an ideal monatomic
gas is

1
2mi vi

2
−

= 3
2kB T ,

where T is the Kelvin temperature of the gas. Consequently, the average mechanical energy per molecule of an ideal
monatomic gas is also 3kB T /2, that is,

Ki + Ui = Ki
−

= 3
2kB T .

The internal energy is just the number of molecules multiplied by the average mechanical energy per molecule. Thus for n
moles of an ideal monatomic gas,

(3.6)Eint = nNA
⎛
⎝
3
2kB T⎞

⎠ = 3
2nRT .

Notice that the internal energy of a given quantity of an ideal monatomic gas depends on just the temperature and is
completely independent of the pressure and volume of the gas. For other systems, the internal energy cannot be expressed
so simply. However, an increase in internal energy can often be associated with an increase in temperature.

We know from the zeroth law of thermodynamics that when two systems are placed in thermal contact, they eventually
reach thermal equilibrium, at which point they are at the same temperature. As an example, suppose we mix two monatomic
ideal gases. Now, the energy per molecule of an ideal monatomic gas is proportional to its temperature. Thus, when the two
gases are mixed, the molecules of the hotter gas must lose energy and the molecules of the colder gas must gain energy.
This continues until thermal equilibrium is reached, at which point, the temperature, and therefore the average translational
kinetic energy per molecule, is the same for both gases. The approach to equilibrium for real systems is somewhat more
complicated than for an ideal monatomic gas. Nevertheless, we can still say that energy is exchanged between the systems
until their temperatures are the same.

3.3 | First Law of Thermodynamics

Learning Objectives

By the end of this section, you will be able to:

• State the first law of thermodynamics and explain how it is applied

• Explain how heat transfer, work done, and internal energy change are related in any
thermodynamic process

Now that we have seen how to calculate internal energy, heat, and work done for a thermodynamic system undergoing
change during some process, we can see how these quantities interact to affect the amount of change that can occur. This
interaction is given by the first law of thermodynamics. British scientist and novelist C. P. Snow (1905–1980) is credited
with a joke about the four laws of thermodynamics. His humorous statement of the first law of thermodynamics is stated
“you can’t win,” or in other words, you cannot get more energy out of a system than you put into it. We will see in this
chapter how internal energy, heat, and work all play a role in the first law of thermodynamics.

Suppose Q represents the heat exchanged between a system and the environment, and W is the work done by or on the
system. The first law states that the change in internal energy of that system is given by Q − W . Since added heat increases

the internal energy of a system, Q is positive when it is added to the system and negative when it is removed from the
system.

When a gas expands, it does work and its internal energy decreases. Thus, W is positive when work is done by the system
and negative when work is done on the system. This sign convention is summarized in Table 3.1. The first law of
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thermodynamics is stated as follows:

First Law of Thermodynamics

Associated with every equilibrium state of a system is its internal energy Eint. The change in Eint for any transition

between two equilibrium states is

(3.7)ΔEint = Q − W

where Q and W represent, respectively, the heat exchanged by the system and the work done by or on the system.

Thermodynamic Sign Conventions for Heat and Work

Process Convention

Heat added to system Q > 0

Heat removed from system Q < 0

Work done by system W > 0

Work done on system W < 0

Table 3.1

The first law is a statement of energy conservation. It tells us that a system can exchange energy with its surroundings
by the transmission of heat and by the performance of work. The net energy exchanged is then equal to the change in the
total mechanical energy of the molecules of the system (i.e., the system’s internal energy). Thus, if a system is isolated, its
internal energy must remain constant.

Although Q and W both depend on the thermodynamic path taken between two equilibrium states, their difference Q − W
does not. Figure 3.7 shows the pV diagram of a system that is making the transition from A to B repeatedly along different
thermodynamic paths. Along path 1, the system absorbs heat Q1 and does work W1; along path 2, it absorbs heat Q2

and does work W2, and so on. The values of Qi and Wi may vary from path to path, but we have

Q1 − W1 = Q2 − W2 = ⋯ = Qi − Wi = ⋯,

or

ΔEint1 = ΔEint2 = ⋯ = ΔEinti = ⋯.

That is, the change in the internal energy of the system between A and B is path independent. In the chapter on potential
energy and the conservation of energy, we encountered another path-independent quantity: the change in potential energy
between two arbitrary points in space. This change represents the negative of the work done by a conservative force
between the two points. The potential energy is a function of spatial coordinates, whereas the internal energy is a function
of thermodynamic variables. For example, we might write Eint(T , p) for the internal energy. Functions such as internal

energy and potential energy are known as state functions because their values depend solely on the state of the system.

Chapter 3 | The First Law of Thermodynamics 117



Figure 3.7 Different thermodynamic paths taken by a system
in going from state A to state B. For all transitions, the change in
the internal energy of the system ΔEint = Q − W is the same.

Often the first law is used in its differential form, which is

(3.8)dEint = dQ − dW.

Here dEint is an infinitesimal change in internal energy when an infinitesimal amount of heat dQ is exchanged with the

system and an infinitesimal amount of work dW is done by (positive in sign) or on (negative in sign) the system.

Example 3.2

Changes of State and the First Law

During a thermodynamic process, a system moves from state A to state B, it is supplied with 400 J of heat and
does 100 J of work. (a) For this transition, what is the system’s change in internal energy? (b) If the system then
moves from state B back to state A, what is its change in internal energy? (c) If in moving from A to B along a
different path, W′AB = 400 J of work is done on the system, how much heat does it absorb?

Strategy

The first law of thermodynamics relates the internal energy change, work done by the system, and the heat
transferred to the system in a simple equation. The internal energy is a function of state and is therefore fixed at
any given point regardless of how the system reaches the state.

Solution
a. From the first law, the change in the system’s internal energy is

ΔEintAB = QAB − WAB = 400 J − 100 J = 300 J.

b. Consider a closed path that passes through the states A and B. Internal energy is a state function, so ΔEint

is zero for a closed path. Thus

ΔEint = ΔEintAB + ΔEintBA = 0,

and

ΔEintAB = −ΔEintBA.

This yields

ΔEintBA = −300 J.

c. The change in internal energy is the same for any path, so
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ΔEintAB = ΔE′intAB = Q′AB – W′AB;
300 J = Q′AB – (−400 J),

and the heat exchanged is

Q′AB = −100 J.

The negative sign indicates that the system loses heat in this transition.

Significance

When a closed cycle is considered for the first law of thermodynamics, the change in internal energy around the
whole path is equal to zero. If friction were to play a role in this example, less work would result from this heat
added. Example 3.3 takes into consideration what happens if friction plays a role.

Notice that in Example 3.2, we did not assume that the transitions were quasi-static. This is because the first law is not
subject to such a restriction. It describes transitions between equilibrium states but is not concerned with the intermediate
states. The system does not have to pass through only equilibrium states. For example, if a gas in a steel container at a
well-defined temperature and pressure is made to explode by means of a spark, some of the gas may condense, different gas
molecules may combine to form new compounds, and there may be all sorts of turbulence in the container—but eventually,
the system will settle down to a new equilibrium state. This system is clearly not in equilibrium during its transition;
however, its behavior is still governed by the first law because the process starts and ends with the system in equilibrium
states.

Example 3.3

Polishing a Fitting

A machinist polishes a 0.50-kg copper fitting with a piece of emery cloth for 2.0 min. He moves the cloth across
the fitting at a constant speed of 1.0 m/s by applying a force of 20 N, tangent to the surface of the fitting. (a) What
is the total work done on the fitting by the machinist? (b) What is the increase in the internal energy of the fitting?
Assume that the change in the internal energy of the cloth is negligible and that no heat is exchanged between the
fitting and its environment. (c) What is the increase in the temperature of the fitting?

Strategy

The machinist’s force over a distance that can be calculated from the speed and time given is the work done on
the system. The work, in turn, increases the internal energy of the system. This energy can be interpreted as the
heat that raises the temperature of the system via its heat capacity. Be careful with the sign of each quantity.

Solution
a. The power created by a force on an object or the rate at which the machinist does frictional work on the

fitting is F→ · v→ = −Fv . Thus, in an elapsed time Δt (2.0 min), the work done on the fitting is

W = −FvΔt = −(20 N)(0.1 m/s)(1.2 × 102 s)
= −2.4 × 103 J.

b. By assumption, no heat is exchanged between the fitting and its environment, so the first law gives for
the change in the internal energy of the fitting:

ΔEint = −W = 2.4 × 103 J.

c. Since ΔEint is path independent, the effect of the 2.4 × 103 J of work is the same as if it were supplied

at atmospheric pressure by a transfer of heat. Thus,

2.4 × 103 J = mcΔT = (0.50 kg)(3.9 × 102 J/kg · °C)ΔT ,

and the increase in the temperature of the fitting is
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ΔT = 12 °C,

where we have used the value for the specific heat of copper, c = 3.9 × 102 J/kg · °C .

Significance

If heat were released, the change in internal energy would be less and cause less of a temperature change than
what was calculated in the problem.

Check Your Understanding The quantities below represent four different transitions between the same
initial and final state. Fill in the blanks.

Q (J) W (J) ΔEint(J)

–80 –120

90

40

–40

Table 3.2

Example 3.4

An Ideal Gas Making Transitions between Two States

Consider the quasi-static expansions of an ideal gas between the equilibrium states A and C of Figure 3.6. If
515 J of heat are added to the gas as it traverses the path ABC, how much heat is required for the transition

along ADC? Assume that p1 = 2.10 × 105 N/m2 , p2 = 1.05 × 105 N/m2 , V1 = 2.25 × 10−3 m3 , and

V2 = 4.50 × 10−3 m3.

Strategy

The difference in work done between process ABC and process ADC is the area enclosed by ABCD. Because the
change of the internal energy (a function of state) is the same for both processes, the difference in work is thus
the same as the difference in heat transferred to the system.

Solution

For path ABC, the heat added is QABC = 515 J and the work done by the gas is the area under the path on the

pV diagram, which is

WABC = p1(V2 − V1) = 473 J.

Along ADC, the work done by the gas is again the area under the path:

WADC = p2(V2 − V1) = 236 J.

Then using the strategy we just described, we have

QADC − QABC = WADC − WABC,

which leads to

QADC = QABC + WADC − WABC = (515 + 236 − 473) J = 278 J.

Significance

The work calculations in this problem are made simple since no work is done along AD and BC and along AB and
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3.3

DC; the pressure is constant over the volume change, so the work done is simply pΔV . An isothermal line could

also have been used, as we have derived the work for an isothermal process as W = nRTlnV2
V1

.

Example 3.5

Isothermal Expansion of an Ideal Gas

Heat is added to 1 mol of an ideal monatomic gas confined to a cylinder with a movable piston at one end. The
gas expands quasi-statically at a constant temperature of 300 K until its volume increases from V to 3V. (a) What
is the change in internal energy of the gas? (b) How much work does the gas do? (c) How much heat is added to
the gas?

Strategy

(a) Because the system is an ideal gas, the internal energy only changes when the temperature changes. (b) The
heat added to the system is therefore purely used to do work that has been calculated in Work, Heat, and
Internal Energy. (c) Lastly, the first law of thermodynamics can be used to calculate the heat added to the gas.

Solution
a. We saw in the preceding section that the internal energy of an ideal monatomic gas is a function only of

temperature. Since ΔT = 0 , for this process, ΔEint = 0.

b. The quasi-static isothermal expansion of an ideal gas was considered in the preceding section and was
found to be

W = nRTlnV2
V1

= nRTln3V
V

= (1.00 mol)(8.314 J/K · mol)(300 K)(ln3) = 2.74 × 103 J.

c. With the results of parts (a) and (b), we can use the first law to determine the heat added:

ΔEint = Q − W = 0,

which leads to

Q = W = 2.74 × 103 J.

Significance

An isothermal process has no change in the internal energy. Based on that, the first law of thermodynamics
reduces to Q = W .

Check Your Understanding Why was it necessary to state that the process of Example 3.5 is quasi-
static?

Example 3.6

Vaporizing Water

When 1.00 g of water at 100 °C changes from the liquid to the gas phase at atmospheric pressure, its change in

volume is 1.67 × 10−3 m3 . (a) How much heat must be added to vaporize the water? (b) How much work is

done by the water against the atmosphere in its expansion? (c) What is the change in the internal energy of the
water?
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Strategy

We can first figure out how much heat is needed from the latent heat of vaporization of the water. From the
volume change, we can calculate the work done from W = pΔV because the pressure is constant. Then, the first

law of thermodynamics provides us with the change in the internal energy.

Solution
a. With Lv representing the latent heat of vaporization, the heat required to vaporize the water is

Q = mLv = (1.00 g)(2.26 × 103 J/g) = 2.26 × 103 J.

b. Since the pressure on the system is constant at 1.00 atm = 1.01 × 105 N/m2 , the work done by the

water as it is vaporized is

W = pΔV = (1.01 × 105 N/m2)(1.67 × 10−3 m3) = 169 J.

c. From the first law, the thermal energy of the water during its vaporization changes by

ΔEint = Q − W = 2.26 × 103 J − 169 J = 2.09 × 103 J.

Significance

We note that in part (c), we see a change in internal energy, yet there is no change in temperature. Ideal gases that
are not undergoing phase changes have the internal energy proportional to temperature. Internal energy in general
is the sum of all energy in the system.

Check Your Understanding When 1.00 g of ammonia boils at atmospheric pressure and −33.0 °C, its

volume changes from 1.47 to 1130 cm3 . Its heat of vaporization at this pressure is 1.37 × 106 J/kg. What is

the change in the internal energy of the ammonia when it vaporizes?

View this site (https://openstaxcollege.org/l/211stlawthermo) to learn about how the first law of
thermodynamics. First, pump some heavy species molecules into the chamber. Then, play around by doing work
(pushing the wall to the right where the person is located) to see how the internal energy changes (as seen by
temperature). Then, look at how heat added changes the internal energy. Finally, you can set a parameter constant
such as temperature and see what happens when you do work to keep the temperature constant (Note: You might
see a change in these variables initially if you are moving around quickly in the simulation, but ultimately, this
value will return to its equilibrium value).

3.4 | Thermodynamic Processes

Learning Objectives

By the end of this section, you will be able to:

• Define a thermodynamic process

• Distinguish between quasi-static and non-quasi-static processes

• Calculate physical quantities, such as the heat transferred, work done, and internal energy
change for isothermal, adiabatic, and cyclical thermodynamic processes

In solving mechanics problems, we isolate the body under consideration, analyze the external forces acting on it, and then
use Newton’s laws to predict its behavior. In thermodynamics, we take a similar approach. We start by identifying the part
of the universe we wish to study; it is also known as our system. (We defined a system at the beginning of this chapter as
anything whose properties are of interest to us; it can be a single atom or the entire Earth.) Once our system is selected,
we determine how the environment, or surroundings, interact with the system. Finally, with the interaction understood, we
study the thermal behavior of the system with the help of the laws of thermodynamics.
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