
Chapter 19: First law of 
thermodynamics

• Thermodynamic Systems
• Work Done During Volume Changes
• Paths Between Thermodynamic States
• Internal Energy and the First Law of Thermodynamics



Thermodynamic Systems

A thermodynamic system is any collection of objects that is convenient to 
regard as a unit, and that may have the potential to exchange energy with 
its surroundings.

A process in which there are changes in the state of a thermodynamic 
system is called a thermodynamic process.

For thermodynamic systems, it is essential to define clearly at the start 
exactly what is and is not included in the system. Only then can we 
describe unambiguously the energy transfers into and out of that system.



Signs for Heat and Work in Thermodynamics
We describe the energy relationships in any thermodynamic process in terms 
of the quantity of heat added to the system and the work done by the 
system. Both and may be positive, negative, or zero.

A positive value of represents heat 
flow into the system, and a negative 

represents heat flow out of the 
system.

A positive value of represents 
work done by the system against its 
surroundings and corresponds to 
energy leaving the system. A negative 

represents energy entering the 
system.



Work Done During Gas Volume Changes
A common example of a thermodynamic system is a quantity of gas 
enclosed in a cylinder with a movable piston. Internal-combustion engines, 
steam engines, and compressors in refrigerators and air conditioners all use 
some version of such a system.

A piston has a constant cross-sectional area, and 
therefore .

Consider a cylinder with a cross-sectional area and a pressure exerted by 
the system at the piston face to be . The total force exerted by the system 
on the piston is . When the piston moves out an infinitesimal 
distance , the work done by this force is

Thus we can express the work done by a system 
from a volume change as
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pV–diagrams and work done by a system

The work done equals the area under the curve on a pV–diagram.



Work is a pV–path dependent process

The work done by a system during a transition between two states depends 
on the path chosen.



Graphically, the work along any path in the pV plot ___________.

A. is the area to the left of the curve from 0 to final.

B. is the area under the curve from 0 to final.

C. requires knowledge of the temperature .



This pV diagram shows three possible paths for changing a 
system from an initial state, represented by point 1, to a final 
state, represented by point 2. For which path is the work done by 
the system the greatest?

A. Path 1 → 3 → 2.

B. Path 1 → 2.

C. Path 1 → 4 → 2.



This pV diagram shows three possible paths for changing a 
system from an initial state, represented by point 1, to a final 
state, represented by point 2. For which path is the work done by 
the system the least?

A. Path 1 → 3 → 2.

B. Path 1 → 2.

C. Path 1 → 4 → 2.



Free expansion of a gas

When a gaseous system expands in a 
contained and controlled environment, 
the system can do work.

When the system is uncontrolled 
free expansion, then the system 
does no work (and no heat is 
exchanged with the environment).

There is no temperature change when a gas undergoes a free expansion.



First law of thermodynamics
The internal energy of a system is the sum of the kinetic energies of all 
of its constituent particles, plus the sum of all the potential energies of 
interaction among these particles.

When we add a quantity of heat to a system and the system does no 
work during the process ( ), the internal energy increases by an 
amount equal to .

Likewise, when a system does work by expanding against its 
surroundings and no heat is added during the process ( ), energy 
leaves the system and the internal energy decreases by an amount .

The first law of thermodynamics can be formed by combining the 
relationships of the internal energy with heat and work.

Because processes are path dependent, we often care about infinitesimal 
changes in the internal energy,



Which of the following statements is true?

A. The amount of heat added or removed from a thermodynamic system 
depends only on the initial and final states of the system.

B. The work done by a thermodynamic system depends only on the 
initial and final states of the system.

C. The first law of thermodynamics extends the principle of 
conservation of energy to include heat as well as mechanical energy.

D. The first law of thermodynamics extends the principle of 
conservation of momentum to include molecular collisions.



A system dissipates 12 J of heat into the surroundings; meanwhile, 
28 J of work is done on the system. What is the change of the 
internal energy of the system?

A. −40 J

B. −16 J

C. 16 J

D. 40 J



A system experiences a change in internal energy of 14 kJ in a 
process that involves a transfer of 36 kJ of heat into the system. 
Simultaneously, which of the following is true?

A. 22 kJ of work is done by the system.

B. 22 kJ of work is done on the system.

C. 50 kJ of work is done by the system.

D. 50 kJ of work is done on the system.



Which physical law underlies the first law of thermodynamics?

A. Law of conservation of matter

B. Law of increasing entropy

C. Law of conservation of energy

D. Newton's third law



If heat is added to a system ( ) and no change in internal 
energy of the system occurs ( ), then the system must do 
________________ on the outside world.

A. negative work

B. no work

C. positive work



A 1.0 mol sample of an ideal gas is kept at 0.0°C during an expansion 
from 3.0 L to 10.0 L.

Example

(a) How much work is done by the gas during the expansion?

(b) How much energy transfer by heat occurs between the gas and its 
surroundings in this process?



A 1.0 kg bar of copper is heated at atmospheric pressure so that its 
temperature increases from 20°C to 50°C. [Coefficient of volume 
expansion for copper is °C−1 and density of copper is 

kg/m3 at 20°C]

(a) What is the work done by the copper bar on the surrounding 
atmosphere?

(b) How much energy is transferred to the copper bar by heat?

(c) What is the increase in internal energy of the copper bar?

Example



Cyclic processes
A process that eventually returns a system to its initial state is called a cyclic 
process. After a full cycle, the final state is the same as the initial state, and 
so the total internal energy change must be zero.

If a net quantity of work is done by 
the system during this process, an equal 
amount of energy must have flowed into 
the system as heat . Such systems are 
open to their surroundings.

If the system is isolated, however, then 
there can be no work done on the system 
and no heat can enter or leave the system. 
Such isolated systems must have constant 
internal energy.



The adiabatic process

If no heat is transferred into or out of a system, the thermodynamic 
process is called adiabatic.

From an engineering perspective, many systems can be made to undergo 
processes that can be approximated as adiabatic. An approximate 
adiabatic process can be achieved by either using insulating materials to 
reduce heat flow and/or limit the time in which a system undergoes a 
process so that it is sufficiently short and little heat is transferred 
between the system and its surroundings.

For an adiabatic process, , and the first law of thermodynamics 
results in the expression



Other “iso”-processes

There are other thermodynamic processes that are “iso” (latin for “equal”).

The ideal gas law is known to be . Thus, for the same number 
of gas particles undergoing a thermodynamic process, there are three 
possible parameters ( , , )in which one parameter can be held constant 
while allowing the other two parameters to vary.

Isochoric process – a constant volume process.

Isothermal process – a constant temperature process.

Isobaric process – a constant pressure process.

(for an ideal gas only)

Note that from basic microscopic thermodynamics in physics I, we learned that the internal 
energy of an ideal gas only depends on its temperature and not on its pressure or volume.



A gas is taken through the cycle illustrated in the pV diagram 
shown. Which path represents an isobaric process?

A. Path A → B.

B. Path B → C.

C. Path C → A.



A gas is taken through the cycle illustrated in the pV diagram 
shown. Which path represents an isothermal process?

A. Path A → B.

B. Path B → C.

C. Path C → A.



If the pressure acting on a given sample of an ideal gas at constant 
temperature is tripled, what happens to the volume of the gas?

A. The volume is increased by a factor of three times its original value.

B. The volume is reduced to one-third of its original value.

C. The volume is reduced to one-ninth of its original value.

D. The volume is increased by a factor of nine times its original value.



Which of the following statements is true for an isothermal process 
in an ideal gas?

A. During an isothermal process, the internal energy of the system 
changes.

B. An isothermal process is carried out at constant pressure.

C. An isothermal process is carried out at constant volume.

D. During an isothermal process, the work done by the gas equals 
the heat added to the gas.



Which of the following statements is true for an adiabatic process?

A. During an adiabatic process, there is no heat transfer into or 
out of the system.

B. An adiabatic process is carried out at constant pressure.

C. An adiabatic process is carried out at constant temperature.

D. An adiabatic process is carried out at constant volume. 



Suppose 1.00 g of water vaporizes isobarically at atmospheric pressure 
(1.013×105 Pa). Its volume in the liquid state is Vi = Vliquid = 1.00 cm3, 
and its volume in the vapor state is Vf = Vvapor = 1671 cm3. Find the 
work done in the expansion and the change in internal energy of the 
system. Ignore any mixing of the steam and the surrounding air; 
imagine that the steam simply pushes the surrounding air out of the 
way.

Example



Ratios of heat capacitance
An important quantity in thermodynamics is the ratio of the constant pressure 
and constant volume heat capacitances of gases (not necessarily ideal gases).

For diatomic gases, we know that 
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For an ideal gas ( 
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For neon gas, and .

(a) Calculate the change in internal energy of 4.00 mol of neon if 
its temperature increases from 20.0 °C to 40.0 °C at constant 
volume.

(b) Calculate the change in internal energy of 4.00 mol of neon if 
its temperature increases from 15.0 °C to 30.0 °C at constant 
pressure.

(c) Calculate the change in internal energy of 4.00 mol of neon if 
its temperature increases from 12.0 °C to 24.0 °C while both the 
pressure and volume increase.

Example



For nitrogen gas, and .

(a) You have 2.10 mol of nitrogen gas at temperature 27.0 °C and 
pressure p = 1.00×105 Pa. Calculate the initial volume of the 
gas.

(b) Calculate the final temperature (in °C) of the gas and its 
internal energy change if doubles while remains constant.

(c) Calculate the final temperature (in °C) of the gas and its 
internal energy change if doubles while remains constant.

(d) Calculate the final temperature (in C) of the gas and its 
internal energy change if both and double.

Example



A quantity of argon gas ( and ) is at 
pressure 1.20×105 Pa and occupies volume 0.250 m3. 

(a) Calculate the change in internal energy of the gas if the final 
pressure and volume of the gas are 2.40×105 Pa and 
0.250 m3.

(b) Calculate the change in internal energy of the gas if the final 
pressure and volume of the gas are 1.20×105 Pa, 0.125 
m3.

(c) Calculate the change in internal energy of the gas if the final 
pressure and volume of the gas are 1.80×105 Pa, 0.600 
m3.

Example



Adiabatic process for an ideal gas

For an adiabatic process,                   , where                        and                   .

Therefore,                             .

Using                   , we find that                                    .

From the previous slide, we can deduce that                     .

It follows that                           .

Thus, we arrive at the important ideal gas relationship, .

For finite changes we find that an ideal gas has the relationship,

The work done follows as



A quantity of moles of oxygen gas ( and ) 
is at absolute temperature . You increase the absolute temperature 
to 2 . 

(a) Find the change in internal energy of the gas, the heat flow into 
the gas, and the work done by the gas if the process you used to 
increase the temperature is isochoric.

(b) Find the change in internal energy of the gas, the heat flow into 
the gas, and the work done by the gas if the process you used to 
increase the temperature is isobaric.

(c) Find the change in internal energy of the gas, the heat flow into 
the gas, and the work done by the gas if the process you used to 
increase the temperature is adiabatic.

Example



A cylinder with a piston contains 0.200 mol of nitrogen at 1.70×105

Pa and 320 K . The nitrogen may be treated as an ideal gas. The gas 
is first compressed isobarically to half its original volume. It then 
expands adiabatically back to its original volume.

(a) Find the work done by the gas, heat added to it, and change in 
internal energy during the initial compression.

(b) Find the work done by the gas, heat added to it, and change in 
internal energy during the adiabatic expansion. 

Example



During an adiabatic expansion the temperature of 0.420 mol of argon 
(Ar) drops from 63.0 °C to 10.0 °C. The argon may be treated as an 
ideal gas.

Example

(a) How much work does the gas do?

(b) What is the change in internal energy of the gas?


