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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: INRODUCTIOIN TO INTERNAL ENERGY
● Energies can be divided into two categories: _______________________ and _______________________
- Individual kinetic energies and interaction energies of particles are _______________________
- The kinetic energy of the whole substance and interactions with outside particles are _______________________
- We call the external energy the MECHANICAL ENERGY of a system

● The INTERNAL ENERGY, 𝑼, of a system is the sum of all kinetic and potential energy INTERNAL to the system
- Internal energy changes with the internal state – mechanical energy changes with the external state
● Internal and mechanical energy are _____________________ of one another  no shared energy contributions
- e.g., the motion of individual particles averages out  no contribution to overall kinetic energy of substance
● If there is a heat transfer into a substance

Δ𝐾

Δ𝑇, Δ𝑈
- Changes in TEMPERATURE are always going to be linked to changes in INTERNAL ENERGY
● Internal energy is known as a _______________________

𝑃

- These are functions whose changes are PATH INDEPENDENT

𝑃2

- Potential energy is an example – the change in it is path independent

𝑃1

 CYCLIC PROCESSES produce _______________________ in internal energy

Δ𝑈4

Δ𝑈1 = Δ𝑈2 = Δ𝑈3
Δ𝑈4 = 0

Δ𝑈1
Δ𝑈3

Δ𝑈2
𝑉1

𝑉

𝑉2

● STATE FUNCTIONS are properly defined as functions that depends ONLY on the _______________ of the system
- For ideal gases, the state is determined by the ______________________, which is related to 𝑃 and 𝑉
 Internal energy of an ideal gas depends only on TEMPERATURE
EXAMPLE: On the following graph of 𝑃 vs 𝑉, lines of constant internal energy have been drawn. What is the change in
internal energy for the path indicated in the figure, Δ𝑈?
20 𝐽

𝑃

10 𝐽

𝚫𝑼

25 𝐽
15 𝐽

𝑉
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: THE EQUIPARTITION THEOREM AND THE INTERNAL ENERGY OF IDEAL GASSES
● Remember! For an ideal gas, the INTERNAL ENERGY depends only on the _________________________
- The EQUIPARTITION THEOREM gives the exact relationship:

● The INTERNAL ENERGY of an ideal gas, given by the equipartition theorem, is
𝑈 = ___________________

OR

𝑈 = ___________________

- where 𝒇 is the number of degrees of freedom of the system
● A system is assigned a DEGREE OF FREEDOM for each of the following:
- The independent directions of _________________, _________________, and _________________ motion
1

- The number of elastic potential energies, 2 𝑘Δ𝑥 2
𝑧Ƹ

● For MONOATOMIC ideal gases, there are ______ degrees of freedom
- A monoatomic gas cannot have any rotational motion because they are considered points

𝑦ො

 The internal energy per particle in a monatomic ideal gas is 𝑈 = _______________
● For DIATOMIC ideal gases with a RIGID connection, there are ______ degrees of freedom

𝑥ො

𝜔1
𝜔2

 The internal energy per particle in a rigid diatomic ideal gas is 𝑈 = _______________
● For DIATOMIC ideal gases with an ELASTIC connection, there are ______ degrees of freedom
- In addition to the translation and rotational, there is also vibrational motion in one direction
- There is also an elastic connection  1 more degree of freedom
- So, the 𝑈 per particle in an elastically connected diatomic ideal gas is 𝑈 = _______________

Δx
Δx
1
𝑘Δ𝑥 2
2

EXAMPLE: What is the internal energy per particle for a 3-D solid lattice with elastic connections, as shown below? Assume
the equations for ideal gasses apply.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACTICE: AMOUNT OF HEAT TO CHANGE THE TEMPERATURE OF AN IDEAL GAS
An ideal monoatomic oxygen gas containing 5 x 1025 particles is stored in a closed jar. If the temperature in the jar were
initially 27oC, how much heat would you have to add to the gas to raise the temperature to 75oC?

EXAMPLE: HEATING A GAS OF DIATOMIC NITROGEN WITH RIGID CONNECTIONS
3 moles of an ideal gas of N2 is stored in a 0.003m3 container open to the air. If the initial temperature was 27 oC and the
gas was heated up by 50 oC, what is the new internal energy of the gas? Treat the molecular bonds as rigid.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: INRODUCTIOIN TO HEAT CAPACITY
● Remember! When talking about calorimetry, we talked about the SPECIFIC HEAT
 The amount of heat PER UNIT MASS needed to change the temperature of a substance
● There is another important value related to the specific heat: the ___________________________
- The heat capacity is the amount of heat ______________________________ to change the temperature

● The HEAT CAPACITY for a substance is given by
𝐶 = ____________

OR

𝑄 =____________

- NOTE: heat capacity is an UPPERCASE “C”, while specific heat is a LOWERCASE “c”
- The units of heat capacity are J/molK, while the units for specific heat are J/kgK
EXAMPLE 1: 4 moles of an unknown substance, Y, requires 100 J of heat to change the temperature 5 K. How much heat
will be required to increase the temperature of 1.5 moles of Y from 27 oC to 100 oC?

● Both specific heat and heat capacity are INHERENT qualities of a substance
- This is because the specific heat is PER UNIT MASS, and the heat capacity is PER UNIT MOLE
● There is a simple conversion between heat capacity and specific heat:
- Where 𝑴 is the molar mass of the substance

𝑪 = 𝑴𝒄

EXAMPLE 2: 5 moles of hydrogen gas, H2, requires 10.25 kJ of heat to raise its temperature 50 K. What is the specific heat
of molecular hydrogen? Assume that the hydrogen gas doesn’t change phase during this process.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
EXAMPLE: HEAT CAPACITY AND SPECIFIC HEAT OF UNKNOWN SUBSTANCE
Some substance, X, has a heat capacity of 15 kJ/molK. How much heat is required to raise the temperature of 700µg of X
from 0oC to 100oC? The molar mass of X is 50 g/mol. Assume X doesn’t undergo a phase change.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: HEAT CAPACITY AT CONSTANT VOLUME FOR AN IDEAL GAS
● We want to answer the question, “when heat enters a substance, what is it doing?”
- As we saw in calorimetry, heat enters a substance and changes its _____________________
- However, heat DOESN’T HAVE to do this – this only happens when the ____________________ is CONSTANT
● When the volume is constant, we can say that ALL the heat is used to change the temperature
- It does this by changing the ___________________________ 

𝑸 = 𝚫𝑼

● More properly, our calorimetry equation should be 𝑄 = 𝑛𝐶𝑉 Δ𝑇
 So, 𝑛𝐶𝑉 = ____________ = ____________
● Notice that if you were to plot 𝑼 vs. 𝑻, this would be the “rise-over-run”
 𝑛𝐶𝑉 is the slope of 𝑼 vs. 𝑻
- This is a GENERAL result – it’s not specific to ideal gasses

𝑈
Δ𝑈

● Recall that for an ideal gas, 𝑈 = ________________

Slope =

ΔU
Δ𝑡

𝑡

Δ𝑡

- This is a STRAIGHT LINE, and therefore has a CONSTANT slope  The slope is just ____________
- Remember! This slope is NOT 𝐶𝑉 , but 𝑛𝐶𝑉 – 𝐶𝑉 is the slope divided by _______

● For an ideal gas, the HEAT CAPACITY AT CONSTANT VOLUME is
𝐶𝑉 = ___________

EXAMPLE: What is the heat capacity at constant volume for a 3-D solid lattice with elastic bonds between the atoms?
Assume the equations for ideal gasses apply.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACTICE: HEAT TRANSFER AT CONSTANT VOLUME
Two samples of gas, each containing n moles, are in separate, sealed containers. One sample is of gaseous H2 (considered
to be bound elastically), and the other sample is of gaseous Ne. If the hydrogen gas required 50 J of heat to raise the
temperature by 1.4 K, by how much will the temperature of the neon gas change if it absorbs the same amount of heat?
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: CHANGES IN INTERNAL ENERGY
● Remember! Internal energy is the energy of the _________________
- This includes individual particle _________________ energy, as well as ______________________ energy
● Remember! For an IDEAL GAS, the internal energy depends ONLY on __________________________
 For there to be a Δ𝑈, there must be a __________
● The question we need to answer is, “What energy transfer will lead to a change in temperature?”
- We know ___________ will change the temperature
- We also saw in mechanical equivalence that ___________ can change the temperature, too

● The INTERNAL ENERGY of a substance can be changed by TWO energy transfers: HEAT and WORK
- So far, we’ve only talked about heat changing the temperature, as in calorimetry
● Consider the following scenario, depicted in the figure
- An ideal gas is contained in a THERMALLY INSULATED piston
- If piston moves down  Δ𝑉 _______  Δ𝑇 _______  Δ𝑈 _______
● The gas puts a PRESSURE on the piston head  there is a FORCE
 Piston is moved AGAINST a force  WORK IS BEING DONE
- This work INCREASES the internal energy of the gas

𝑄𝑖𝑛
𝑄𝑜𝑢𝑡

● There is a COUNTER-EXAMPLE to consider:
- The piston head is FREE to move, and the walls are NOT insulated
̅  _______________ 𝑃
- Added HEAT  _______________ 𝐾
 _______________ FORCE on piston head

𝑄𝑖𝑛

- This means the piston will move UPWARD, with a force
 WORK IS BEING DONE
● So, WORK can CHANGE the INTERNAL ENERGY of a system
- But a change in the internal energy can also LEAD to work being done – it goes both ways
- Either way, work clearly __________________ the internal energy
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: THE FIRST LAW OF THERMODYNAMICS
● Remember! Both _______________ and _______________ can change the internal energy

● The FIRST LAW OF THERMODYNAMICS states
Δ𝑈 = _________________

● The sign we use in the first law is VERY important: since we use a POSITIVE sign between 𝑄 and 𝑊, we are saying:
- 𝑊 > 0 is work done _________ THE GAS  work that __________________ the gas’ energy
- 𝑊 < 0 is work done _________ THE GAS  work that __________________ the gas’ energy
- This is the same sign convention used for MECHANICAL WORK
 A POSITIVE work increases kinetic energy, a NEGATIVE work decreases kinetic energy

EXAMPLE: 3 moles of an ideal, monoatomic gas is stored in a cylinder with a movable piston. Simultaneously, the piston
moves as 300 J of heat is added to the gas, raising the temperature from 300 K to 320 K. How much work was done? Is this
work done BY the gas or ON the gas?
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACITCE: WORK DONE AT CONSTANT TEMPERATURE
2.5 moles of an atomic hydrogen gas are stored in a cylinder with a moveable piston, sitting in a bucket of ice. The piston is
moved SLOWLY, decreasing the volume from 0.03 m3 to 0.01 m3. How much ice melts during this movement? Work done
𝑉

at constant pressure is given by 𝑊 = −𝑃Δ𝑉, and work done at constant temperature by 𝑊 = −𝑛𝑅𝑇𝑙𝑛 ( 𝑉𝑓 ). Note that
𝑖

the latent heat of fusion for water is 334 kJ/kg.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: WORK DONE AT A CONSTANT PRESSURE

𝑉0

● Consider an ideal gas at pressure 𝑃 stored in a cylinder of area 𝐴 as shown
- This gas exerts a force on the piston head of magnitude __________
- To stay in equilibrium, the environment must exert a force __________
● If the gas expands a volume Δ𝑉, as shown, work MUST be done
- We only care about work done BY the environment ON the gas
- The work done by the environment on the gas is 𝑊 = __________
● Note that 𝐴Δ𝑥 = ________

Δ𝑥

● The WORK done ON the gas, by the environment, at a CONSTANT PRESSURE is
𝑊 = __________

● Remember! A positive work means the gas GAINS energy, and a negative work means the gas LOSES energy
- The sign of the above equation agrees with this – always make sure you’re using the correct sign

EXAMPLE: 4 moles of an atomic hydrogen gas is compressed from 0.07 m3 to 0.01 m3 at a constant pressure of 2 x 105 Pa.
How much work is done? Is the work done on or by the gas?
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: THERMAL PROCESSES OF IDEAL GASSES
● A THERMAL PROCESS is exactly what it sounds like: a process a gas undergoes that can change its temperature
- Note that the process doesn’t HAVE to change the temperature
- The temperature of an IDEAL GAS depends upon the ____________________ and the ____________________
● When discussing thermal processes, it is convenient to plot 𝑃 vs. 𝑉
- This is known as a PV diagram, and is distinct from a phase diagram
● A hypothetical PV diagram is shown in the figure to the right
- The gas starts in some initial state, (𝑉1 , 𝑃1 )
- The gas is then expanded to a state (𝑉2 , 𝑃1 ) at constant pressure
- The pressure then increases at constant volume to (𝑉2 , 𝑃2 )
- Finally, the gas returns to its original state

𝑃

𝑃2

𝑃1

𝑉1

𝑉

𝑉2

● A process that begins and ends in the same state is a ________________ process

● A cyclic process is composed of multiple individual processes – there are FOUR types you have to remember
- Isothermal  constant ___________________
- Isobaric  constant ___________________
- Isochoric  constant ___________________
- Adiabatic  No _________________________

● For a cyclic process, Δ𝑈 is always ____________
- A cyclic process causes a gas to start and end in the SAME state  no change of state  no change in 𝑈
EXAMPLE: A gas undergoes a process as shown below. How much work is done? Is it work done ON or BY the gas?
𝑃
3×106 𝑃𝑎

1×106 𝑃𝑎

0.03 𝑚3

0.05 𝑚3

𝑉
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACTICE: ISOTHERMAL EXPANSION OF AN IDEAL GAS
1 mole of a monoatomic ideal gas undergoes an isothermal expansion from 0.01 m3 to 0.05 m3, requiring 300 J of heat to
enter the gas. How much work is done? Is the work done by or on the gas? What is the change in the gas’ internal energy?
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACTICE: ISOCHORIC DE-PRESSURIZATION OF AN IDEAL GAS
3 moles of molecular hydrogen, H2, at 300 K undergoes an isochoric de-pressurization, from 5 x 105 Pa to 1 x 105 Pa. How
much heat is exchanged during this process? Is the heat going into the gas or out of the gas? How much work is done
during this process. Is the work done on or by the gas? How much does the internal energy of the gas change? Treat the
molecular bond between the hydrogen atoms as elastic.
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
CONCEPT: WORK AND PV DIAGRAMS
● Remember! PV diagrams are graphs of a gas’ pressure vs. volume
- They are great for analyzing thermal processes of ideal gasses since the state is defined by temperature
● For a SINGLE process, we can find the work done easily on a PV diagram

𝑃

- The work is equal to the AREA under a process’ line on a PV diagram

𝑃1

- To find the area, approximate the shape as something you know the formula for

𝑃2

- If the process goes from right-to-left, the work is _______________
- If the process goes from left-to-right, the work is _______________

𝑉1

𝑉2

𝑉

EXAMPLE 1: What is the work done for a gas to move from 𝐴 to 𝐵? Is the work done on or by the gas?
𝑃
𝐴
2×105 𝑃𝑎
𝐵

1×105 𝑃𝑎

0.001 𝑚3

0.003 𝑚3

𝑉

● For a CYCLIC process, the total work done is just the sum of the work done for each leg of the cycle
- Find the area under each individual process and sum the areas to find the total area – this area is the work
- Instead, if you can, approximate the area ENCLOSED by the cycle as a shape you know the formula for
- Counterclockwise cycles have [ POSITIVE / NEGATIVE ] works
- Clockwise cycles have [ POSITIVE /. NEGATIVE ] works

EXAMPLE 2: What is the work done in the cycle 𝐴 → 𝐶 → 𝐵 → 𝐴? Is the work done on or by the gas?
𝑃
7×106 𝑃𝑎

𝐴

3×106 𝑃𝑎

𝐵

𝐶

0.003 𝑚3

0.01 𝑚3

𝑉
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PHYSICS - CLUTCH
CH 20: THE FIRST LAW OF THERMODYNAMICS
PRACTICE: WORK AND HEAT TRANSFER IN A FOUR-STEP CYCLE
How much work is done in the four-step cycle illustrated in the following PV diagram? Is it work done on or by the gas? How
much heat is exchanged between the gas and the environment in this cycle? Is the heat entering or leaving the gas?

𝑃
4𝑃0
𝑃0

1
𝑉
5 0

𝑉0

𝑉
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