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https://www.smithgroup.com/jedi-scholarship 

https://www.smithgroup.com/jedi-scholarship
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• Assignment 5 is posted (due next Thursday)
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• Midterm exam 1:
q Solutions will be uploaded
q The exams will be graded by the next lecture
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• Please review the lecture recordings on Blackboard:
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• I usually review the number of views:
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• For a quasi-equilibrium expansion process, we can write:

𝐴𝑟𝑒𝑎 = 𝐴 = &
!

"
𝑑𝐴 = &

!

"
𝑃𝑑𝑉

𝑊! = #
"

#
𝑃$𝑑𝑉
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• Constant Volume

• Constant Pressure

• Constant Temperature

Constant
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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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• 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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• For a closed system undergoing a cycle, the initial and final 
states are identical:

Δ𝐸 = 𝐸!" − 𝐸#$% = 0	 → 𝐸!" = 𝐸#$%

𝑊"&%,#$% = 𝑄"&%,!" 	 → 𝑊̇"&%,#$% = 𝑄̇"&%,!"

Can we comment about the 
sign of the work?
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• We can write:
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• For a constant pressure process with constant mass, we 
have:
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• How much heat do we need to add to increase temperature 
of 1 kg iron vs water for 10 °C?
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• 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:

𝑑𝐸!" − 𝑑𝐸#$% = 𝑑𝑈 + 𝑑𝐾𝐸 + 𝑑𝑃𝐸 = 𝛿𝑄 − 𝛿𝑊

𝛿𝑄 = 𝑑𝑈 + 𝛿𝑊 = 𝑑𝑈 + 𝑃𝑑𝑉

𝑐(𝑑𝑇 = 𝑑𝑢

𝑐( =
1
𝑚

𝛿𝑄
𝑑𝑇 (

=
1
𝑚

𝜕𝑈
𝜕𝑇 (

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

𝑐) =
𝜕ℎ
𝜕𝑇 )

𝛿𝑄 = 𝑑𝑈 + 𝛿𝑊 = 𝑑𝑈 + 𝑃𝑑𝑉

𝑐) =
1
𝑚

𝛿𝑄
𝑑𝑇 )

=
1
𝑚

𝜕𝐻
𝜕𝑇 )

=
𝜕ℎ
𝜕𝑇 )
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• 𝑐2 and 𝑐3 are defined based on properties. They must be 
properties too

• The energy required to raise the temperature of a substance 
by one degree is different at different temperatures and 
pressures
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• A common unit for specific heats is 45
467°9 or ,-

,./0
 (why?)

• We can write them in the molar basis too 45
4:;<7°9 or 45

4:;<7= 
for "𝑐2 and "𝑐3 
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Internal/Energy/Enthalpy/Heats of Ideal Gases 
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• It has demonstrated mathematically and experimentally that 
internal energy is a function of temperature:

𝑢 = 𝑢(𝑇)
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• Using the definition of enthalpy and the equation of state of 
an ideal gas, we have:

𝑢 = 𝑢(𝑇)

(ℎ = 𝑢 + 𝑃𝑣
𝑃𝑣 = 𝑅𝑇 	 → 	 ℎ = 𝑢 + 𝑅𝑇	 → ℎ = ℎ(𝑇)
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• We have:
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• The change in internal energy or enthalpy for an ideal gas 
during a process from state 1 to state 2 is determined by 
integrating these equations 

Δ𝑢 = 𝑢* − 𝑢+ = :
+

*
𝑐( 𝑇 𝑑𝑡

Δℎ = ℎ* − ℎ+ = :
+

*
𝑐) 𝑇 𝑑𝑡
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• At low pressures, all real gases approach ideal-gas behavior, 
and therefore their specific heats depend on temperature 
only

• The specific heats of real gases at low pressures are called 
ideal-gas specific heats, or zero-pressure specific heats, and 
are often denoted 𝑐2> and 𝑐3>
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• Ideal gas constant pressure specific heats for some gases:

𝑐),
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• Three ways to calculate Δℎ and Δ𝑢:
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• Approach 1: By using the tabulated u and h data. This is the 
easiest and most accurate way when tables are readily 
available
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• u and h data for a number of gases have been tabulated

• These tables are obtained by choosing an arbitrary 
reference point and performing the integrations by treating 
state 1 as the reference state
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• We can use the Table A-21
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• Approach 2: By using the cv or cp relations (Table A-2c) as a 
function of temperature and performing the integrations. This 
is very inconvenient for hand calculations but quite desirable 
for computerized calculations. The results obtained are very 
accurate
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• Approach 2: Table A-2c
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• Approach 3: By using average specific heats. This is very 
simple and certainly very convenient when property tables 
are not available. The results obtained are reasonably 
accurate if the temperature interval is not very large

𝑢# − 𝑢" = 𝑐(,*(+(𝑇# − 𝑇")

ℎ# − ℎ" = 𝑐,,*(+(𝑇# − 𝑇")
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• For small temperature intervals, the specific heats may be 
assumed to vary linearly with temperature
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• Interpolation:
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• The relation Δ𝑢 = 𝑐3Δ𝑇 is valid for any kind of process, 
constant-volume or not
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• Can we find a relation between 𝑐2 and 𝑐3?

ℎ = 𝑢 + 𝑅𝑇

𝑑ℎ = 𝑑𝑢 + 𝑅𝑑𝑇

𝑑ℎ = 𝑐)𝑑𝑇

𝑑𝑢 = 𝑐(𝑑𝑇

𝑐)𝑑𝑇 = 𝑐(𝑑𝑇 + 𝑅𝑑𝑇

𝑐) − 𝑐( = 𝑅
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• Specific heat ratio (k):
qFor monatomic (e.g., Helium) gases the value is 1.667
qFor many diatomic gases, including air, the value is 1.4

𝑘 =
𝑐)
𝑐(
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• Air at 300 K and 200 kPa is heated at constant pressure to 
600 K. Determine the change in internal energy of air per 
unit mass from 
a) Data from the air table (Table A-21)
b) The functional form of the specific heat (Table A-2c)
c) The average specific heat value (Table A-2b)
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• Solution (a):

Δ𝑢 = 𝑢# − 𝑢" = 434.78 − 214.07 = 220.71
𝑘𝐽
𝑘𝑔
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• Solution (b): Table 2A-c

M𝑐, = 𝑎 + 𝑏𝑇 + 𝑐𝑇# + 𝑑𝑇-

M𝑐( = M𝑐, − 𝑅. = 𝑎 + 𝑏𝑇 + 𝑐𝑇# + 𝑑𝑇-
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• Solution (b): Table 2A-c

M𝑐, = 𝑎 + 𝑏𝑇 + 𝑐𝑇# + 𝑑𝑇-

M𝑐( = M𝑐, − 𝑅. = 𝑎 + 𝑏𝑇 + 𝑐𝑇# + 𝑑𝑇-

ΔQ𝑢 = #
/"

/!
M𝑐((𝑇) 𝑑𝑇 = M𝑐, − 𝑅. = #

/"

/!
𝑎 − 𝑅. + 𝑏𝑇 + 𝑐𝑇# + 𝑑𝑇- 𝑑𝑇 

ΔQ𝑢 = 6447
kJ

kmol
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• Solution (b): Table A-1

ΔQ𝑢 = 6447
kJ

kmol

Δu =
ΔQ𝑢
𝑀 =

6447 kJ
kmol

28.97 𝑘𝑔
𝑘𝑚𝑜𝑙

= 222.5
𝑘𝐽
𝑘𝑔
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• Solution (c): Table A-2b

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑇𝑒𝑚𝑝 =
𝑇" + 𝑇#
2

𝑐(,*(+ = 𝑐(,01%	3 = 0.7333
𝑘𝐽

𝑘𝑔 − 𝐾

Δ𝑢 = 0.7333
𝑘𝐽

𝑘𝑔 − 𝐾 600 − 300 = 220
𝑘𝐽
𝑘𝑔



INTERNAL ENERGY, ENTHALPY, AND 
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LIQUIDS
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• Incompressible substance is a substance whose specific 
volume (or density) is constant.

• Solids and liquids are incompressible substances.

𝑐) = 𝑐( = 𝑐
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• Internal energy changes:

𝑑𝑢 = 𝑐(𝑑𝑇 = 𝑐 𝑇 𝑑𝑡

Δ𝑢 = 𝑢* − 𝑢+ = :
+

*
𝑐 𝑇 𝑑𝑡

Δ𝑢 ≅ 𝑐-(. 𝑇* − 𝑇+
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• Enthalpy changes:

ℎ = 𝑢 + 𝑃𝑉

𝑑ℎ = 𝑑𝑢 + 𝑑𝑃×𝑉 + 𝑃×𝑑𝑉

Δℎ ≅ Δ𝑢 + 𝑉×Δ𝑃~𝑐-(.×Δ𝑇 + 𝑣×Δ𝑃



Internal/Energy/Enthalpy/Heats of Solids/Liquids

58

• We can say:
q  For solids:

q  For liquids (constant pressure process such as heaters):

q  For liquids (constant temperature process such as pumps):

Δℎ = Δ𝑢 + 𝑉×Δ𝑃 ≅ 𝑐-(.×Δ𝑇 + 𝑣×Δ𝑃 ≅ 𝑐-(.×Δ𝑇

ℎ = Δ𝑢	 ≅ 𝑐-(.×Δ𝑇

ℎ = 𝑣×Δ𝑃
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• The enthalpy of a compressed liquid:

ℎ@0,1 ≅ ℎ2@1 + 𝑣2@1(𝑃 − 𝑃3-%	@1)

ℎ@0,1 ≅ ℎ2@1
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• Determine the internal energy change Δ𝑢 of hydrogen, in 
kJ/kg, as it is heated from 200 to 800 K, using
a) The empirical specific heat equation as a function of 

temperature (Table A–2c)
b) The cv value at the average temperature (Table A–2b)
c) The cv value at room temperature (Table A–2a)
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• Solution (a):

• From Table A-2c:
q a = 29.11
q b = -0.1916×10-2

q c = 0.4003×10-5

q d = -0.8704×10-9

̅𝑐1 𝑇 = ̅𝑐2 𝑇 − 𝑅 = 𝑎 − 𝑅 + 𝑏𝑇 + 𝑐𝑇" + 𝑑𝑇3

Δ6𝑢 = &
!

"
̅𝑐1 𝑇 = 𝑎 − 𝑅 + 𝑏𝑇 + 𝑐𝑇" + 𝑑𝑇3 𝑑𝑇 =12,487

𝑘𝐽
𝑘𝑚𝑜𝑙

Δ𝑢 =
12,487 𝑘𝐽

𝑘𝑚𝑜𝑙
2.016	𝑘𝑚𝑜𝑙

= 6,194	𝑘𝐽
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• Solution (b): Using a constant 𝑐2 value from Table A-2b at 
the average temperature of 500 K

𝑐1,51. = 𝑐1	@	8990 = 10.389
𝑘𝐽

𝑘𝑔 − 𝐾

Δ𝑢 = 𝑐(	@	1%%3 T# − T" = 10.389
𝑘𝐽

𝑘𝑔 − 𝐾
800 − 200𝐾 = 6,233

𝑘𝐽
𝑘𝑔
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• Solution (c): Using a constant 𝑐2 value from Table A-2a at 
room temperature

𝑐1,51. = 𝑐1	@	3990 = 10.183
𝑘𝐽

𝑘𝑔 − 𝐾

Δ𝑢 = 𝑐(	@	1%%3 T# − T" = 10.183
𝑘𝐽

𝑘𝑔 − 𝐾
800 − 200𝐾 = 6,110

𝑘𝐽
𝑘𝑔


