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• The second problem solving session
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• For the first midterm exam:
q I will post the pages that I will provide during the exam (e.g., 

tables, equations) in advance
q The exam is closed book close notes during the class time 
q The exam is on October 13 in person
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• The expansion or compression work is often called moving 
boundary work or simply boundary work

Think about internal combustion engines

𝛿𝑊! = 𝐹𝑑𝑠 = 𝑃𝐴𝑑𝑠 = 𝑃 𝑑𝑉
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• For a quasi-equilibrium expansion process, we can write:

𝐴𝑟𝑒𝑎 = 𝐴 = &
!

"
𝑑𝐴 = &

!

"
𝑃𝑑𝑉

𝑊! = $
"

#
𝑃$𝑑𝑉
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• The net work done during a cycle is the difference between 
the work done by the system and the work done on the 
system:
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• Constant Volume

• Constant Pressure
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• Polytropic process

𝑃 = 𝐶𝑉!"

𝑊# = &
$

%
𝑃 𝑑𝑉 = &

$

%
𝐶𝑉!" 𝑑𝑉 =

𝐶 (𝑉!"&$−𝑉!"&$

−𝑛 + 1
=
𝑃%𝑉% − 𝑃$𝑉$

1 − 𝑛
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• Polytropic process

𝐶 = 𝑃$𝑉$" = 𝑃%𝑉%"

𝑊# =
𝑚𝑅 𝑇% − 𝑇$

1 − 𝑛
𝑛 ≠ 1 (𝑘𝐽)
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• For the case of n =1 

𝑊# = &
$

%
𝑃𝑑𝑉 =&

$

%
𝐶𝑉!$𝑑𝑉 = 𝑃𝑉×𝐿𝑛(

𝑉%
𝑉$
)
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• A piston-cylinder device contains 0.05 m3 of a gas initially at 
200 kPa. At this state, a linear spring that has a spring 
constant of 150 kN/m is touching the piston but exerting no 
force on it. Now heat is transferred to the gas, causing the 
piston to rise and to compress the spring until the volume 
inside the cylinder doubles. If the cross-sectional area of the 
piston is 0.25 m2, determine 
a) The final pressure inside the cylinder
b) The total work done by the gas 
c) The fraction of this work done against the spring to 

compress it
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• Solution

𝑉% = 2𝑉$ = 2 0.05 𝑚' = 0.1 𝑚'

𝑥 =
Δ𝑉
𝐴
=

0.1 − 0.05 𝑚'

0.25 𝑚% = 0.2 𝑚
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• Solution

𝐹 = 𝑘𝑥 = 150
𝑘𝑁
𝑚

0.2 𝑚 = 30 𝑘𝑁

𝑃 =
𝐹
𝐴
=

30 𝑘𝑁
0.25 𝑚" = 120 𝑘𝑁

200 + 120 = 320 𝑘𝑁
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• Solution (b)

𝑊 = 𝑎𝑟𝑒𝑎 =
200 + 320 𝑘𝑃𝑎

2
0.1 − 0.05

1𝑘𝐽
1 𝑘𝑃𝑎.𝑚" = 13 𝑘𝐽
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• Solution (c)

𝑊#$%&'( =
1
2
320 − 200 𝑘𝑃𝑎 0.05 𝑚) = 3 𝑘𝐽

𝑊#$%&'( =
1
2
𝑘 𝑥"" − 𝑥!" =

1
2
150 0.2" − 0" = 3 𝑘𝐽

Or
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• Moving boundary work under different processes

Process Moving boundary work
Constant volume 0

Constant pressure 𝑃% 𝑉# − 𝑉"

Isothermal 𝑃"𝑉"×𝐿𝑛(
&!
&"
)

𝑃"𝑉"×𝐿𝑛(
𝑃"
𝑃#
)

𝑚𝑅𝑇'×𝐿𝑛(
𝑉#
𝑉"
)

Polytropic 𝑃#𝑉# − 𝑃"𝑉"
1 − 𝑛

𝑚𝑅 𝑇# − 𝑇"
1 − 𝑛
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• The net change (increase or decrease) in the total energy of 
the system during a process is equal to the difference 
between the total energy entering and the total energy 
leaving the system during the process

𝐸$( − 𝐸')* = Δ𝐸+,+*-.

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 =
(𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑦𝑠𝑒𝑚)

This is known as the energy balance
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• Energy change of a system Δ𝐸BCBDEF

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐ℎ𝑎𝑛𝑔𝑒 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑡 𝑓𝑖𝑛𝑎𝑙 𝑠𝑡𝑎𝑡𝑒 − 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑎𝑡𝑒

Δ𝐸+,+*-. = 𝐸/$(01 − 𝐸$($*$01 = 𝐸# − 𝐸"

Energy is a property, and the value of a property does not change unless the 
state of the system changes
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• We can sum the heat, work, and mass, and the heat 
transfer: 

𝐸&' − 𝐸*+, = 𝑄&' − 𝑄*+, + 𝑊&' −𝑊*+, += Δ𝐸#-#,./

Net energy transfer by heat, work

Change in internal, kinetic, potential, …, energies
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• We can sum the heat, work, and mass, and the heat transfer 
in the rate form: 

�̇�&' − �̇�*+, = Δ�̇�#-#,./

Rate of net energy transfer by heat, work

Rate of change in internal, kinetic, potential, …, energies



Energy Balance for Closed Systems

26

• The energy balance can be expressed on a per unit mass 
basis as

𝑒(" − 𝑒)*+ = Δ𝑒,-,+./
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• For a closed system undergoing a cycle, the initial and final 
states are identical:

Δ𝐸 = 𝐸(" − 𝐸)*+ = 0 → 𝐸(" = 𝐸)*+

𝑊".+,)*+ = 𝑄".+,(" → �̇�".+,)*+ = �̇�".+,("
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• We can write:
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• A piston-cylinder device contains 25 g of saturated vapor that 
is maintained at a constant pressure of 300 kPa. A 
resistance heater within the cylinder is turned on and passes 
a current of 0.2 A for 5 min from a 120-V source. At the same 
time, a heat loss of 3.7 kJ occurs. 
a) Show that for a closed system the boundary work Wb 

and the change in internal energy ΔU in the first-law 
relation can be contained into one term Δ𝐻 for a 
constant pressure process

b) Determine the final temperature of the system
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• Solution:

𝐸(" − 𝐸)*+ = Δ𝐸,-,+./

𝑄 −𝑊 = Δ𝑈 + Δ𝐾𝐸 + Δ𝑃𝐸

𝑄 −𝑊)+1.2 −𝑊# = 𝑈% − 𝑈$
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• Solution:

𝑊# = 𝑃3(𝑉% − 𝑉$)

𝑄 −𝑊)+1.2 − 𝑃3 𝑉% − 𝑉$ = 𝑈% − 𝑈$
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• Solution:

𝑃3 = 𝑃% = 𝑃$

𝑄 −𝑊)+1.2 = 𝑈% + 𝑃%𝑉% − (𝑈$ + 𝑃$𝑉$)

𝑄 −𝑊)+1.2 = 𝐻% − 𝐻$
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• Solution:

@𝑆𝑡𝑎𝑡𝑒 1: J𝑃$ = 300 𝑘𝑃𝑎
𝑆𝑎𝑡. 𝑣𝑎𝑝𝑜𝑟
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• Solution:
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• Solution:

@𝑆𝑡𝑎𝑡𝑒 1: P𝑃$ = 300 𝑘𝑃𝑎
𝑆𝑎𝑡. 𝑣𝑎𝑝𝑜𝑟 ℎ$ = ℎ4 @'33 678 = 2724.9

𝑘𝐽
𝑘𝑔
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• Solution (b):

𝑊. = 𝑉𝐼Δ𝑡 = 120 𝑉 0.2 𝐴 300 𝑠
1 𝑘𝐽𝑠

1000 𝑉𝐴
= 7.2 𝑘𝐽
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• Solution (b):

𝐸(" − 𝐸)*+ = Δ𝐸,-,+./

𝑊.,(" − 𝑄)*+ −𝑊# = Δ𝑈

𝑊.,(" − 𝑄)*+ = ΔH = m(h% − h$)
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• Solution (b):

ℎ% = 2864.9
𝑘𝐽
𝑘𝑔

7.2 𝑘𝐽 − 3.7 𝑘𝐽 = 0.025 𝑘𝑔 ℎ% − 2724.9 𝑘𝐽/𝑘𝑔
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• Solution (b):

^
𝑃% = 300 𝑘𝑃𝑎

ℎ% = 2865.9
𝑘𝐽
𝑘𝑔

T% = 200 °𝐶
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• Summary:
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• How much heat do we need to add to increase temperature 
of 1 kg iron vs water for 10 °C?



Specific Heats

44

• Specific heat is defined as the energy required to raise 
temperature of a unit mass of substance by one degree
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• Specific heat is defined as the energy required to raise 
temperature of a unit mass of substance by one degree
q Specific heat at constant volume (cv)
q Specific heat at constant pressure (cp)
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• Specific heat is defined as the energy required to raise 
temperature of a unit mass of substance by one degree
q Specific heat at constant volume (cv)
q Specific heat at constant pressure (cp)
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• Let’s start from the fixed mass in a stationary closed system 
that undergoes a constant volume process

𝛿𝑒(" − 𝛿𝑒)*+ = 𝑑𝑢

𝑐9𝑑𝑇 = 𝑑𝑢

𝑐9 =
𝜕𝑢
𝜕𝑇 9
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• Similarly, we can write the following for a constant pressure 
process:

𝑐: =
𝜕𝑢
𝜕𝑇 :
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