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• Assignment 10 is posted (Due 12/01/23 for those who need 
to submit it).

• We will talk about the bonus activity and the exam at the end 
of the class
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• For steady flow:

• For a closed system:

𝑤!"# = −$
$

%
𝑣𝑑𝑃 − Δ𝑘𝑒 − Δ𝑝𝑒

𝑤!"# = $
$

%
𝑃𝑑𝑣
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• Steady-flow devices (when the process is reversible):
q Deliver the most work 
q Consume the least work



Recap

7

• Property diagrams such as T-s and P-V diagrams can serve 
as valuable aids in understanding and analysis of 
thermodynamics process:
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• We looked at the heat pump and vapor compression cycles:



Recap

9

• The Carnot cycle includes:
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• The Carnot cycle includes:
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• P-h diagram is very helpful in analyzing the performance:
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• P-h diagram is very helpful in analyzing the performance:

𝐶𝑂𝑃& =
𝑞'

𝑤("),+(
=
ℎ$ − ℎ,
ℎ% − ℎ$

𝐶𝑂𝑃-. =
𝑞-

𝑤("),+(
=
ℎ% − ℎ/
ℎ% − ℎ$
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• P-h diagram for R-134a (ASHRAE)



Recap

14

• P-h diagram for R-134a (ASHRAE)
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• P-h diagram for R-134a (Figure A-14)
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• Different vapor compression cycles 

Ideal (Carnot) Practical / Ideal Actual
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• A refrigerator uses refrigerant 134-a as the working fluid and 
operates on a practical/ideal vapor-compression cycle 
between 0.14 and 0.8 MPa. If the mass flow rate of the 
refrigerant is 0.05 kg/s, determine
a) The rate of heat removal from the refrigerated space and the power 

input to the compressor
b) The rate of heat rejection to the environment
c) The COP of the refrigerator



Class Activity

19

• Solution (assumption): 
q Steady operating condition exist
q Kinetic and potential energy are negligible 

• Understanding the states:
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• Solution: Reading properties from the tables:

𝑃$ = 0.14	𝑀𝑃𝑎	 → 	 ℎ$ = ℎ0	@	3.$,	5.6 = 239.19
𝑘𝐽
𝑘𝑔

𝑠$ = 𝑠0	@	3.$,	5.6 = 0.94467
𝑘𝐽

𝑘𝑔 − 𝐾  
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• Solution: Reading properties from the tables:

A
𝑃/ = 0.8	𝑀𝑃𝑎	

𝑠% = 𝑠$ = 0.94467
𝑘𝐽

𝑘𝑔 − 𝐾
	 → 	 ℎ% = 275.40

𝑘𝐽
𝑘𝑔
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• Solution: Reading properties from the tables:

𝑃/ = 0.8	𝑀𝑃𝑎	 → 	 ℎ/ = ℎ7	@	3.8	5.6 = 95.48 9:
90

 

ℎ, ≅ ℎ/ 𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑖𝑛𝑔 	 → 	 ℎ, = 95.48
𝑘𝐽
𝑘𝑔
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• Solution (a): The rate of heat removal from the refrigerated 
space and the power input to the compressor is

𝑄̇' = 𝑚̇ ℎ$ − ℎ, = 0.05
𝑘𝑔
𝑠 239.19 − 95.48

𝑘𝐽
𝑘𝑔 = 7.19	𝑘𝑊

𝑊̇+( = 𝑚̇ ℎ% − ℎ$ = 0.05
𝑘𝑔
𝑠 275.40 − 239.19

𝑘𝐽
𝑘𝑔 = 1.18	𝑘𝑊
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• Solution (b): The rate of heat rejection from the refrigerant to 
the environment is:

𝑄̇- = 𝑚̇ ℎ% − ℎ/ = 0.05
𝑘𝑔
𝑠 275.40 − 95.48

𝑘𝐽
𝑘𝑔 = 9.00	𝑘𝑊

𝑄̇- = 𝑄̇' + 𝑊̇+( = 7.19 + 1.81 = 9.00	𝑘𝑊
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• Solution (c): The coefficient of performance of the 
refrigerator is:

𝐶𝑂𝑃& =
𝑄̇'
𝑊̇+(

=
7.19	𝑘𝑊
1.81	𝑘𝑊 = 3.97

What would be the COP is the throttling process is isentropic? 



ACTUAL VAPOR-COMPRESSION 
REFRIGERATION CYCLE (SECTION 9-17)
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Actual Vapor-Compression Refrigeration Cycle
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• An actual vapor-compression refrigeration cycle varies from 
the ideal one because of two common sources of 
irreversibilities: 
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• (The actual vapor-compression refrigeration cycle – 
almost similar inputs to the previous class activity): 
Refrigerant 134-a enters the compressor of a refrigerator as 
superheated vapor at 0.14 MPa and -10 °C at a rate of 0.05 
kg/s and leaves at 0.8 MPa and 50 °C. The refrigerant is 
cooled in the condenser to 26 °C and 0.72 MPa and is 
throttled to 0.15 MPa. Disregarding any heat transfer and 
pressure drops in the connecting lines between the 
components determine
a) The rate of heat removal from the refrigerated space and the power 

pressure drops in the connecting lines between the components
b) The isentropic efficiency of the compressor 
c) The coefficient of performance of the refrigerator
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• Solution (assumption): 
q Steady operating condition exist
q Kinetic and potential energy are negligible 



Class Activity

31

• Solution (T-s diagram)
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• Solution (Tables and Calculations):

P𝑃$ = 0.14	𝑀𝑃𝑎
𝑇$ = −10	°𝐶	 → 	 ℎ$ = 246.37

𝑘𝐽
𝑘𝑔
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• Solution (Tables and Calculations):

P𝑃$ = 0.14	𝑀𝑃𝑎
𝑇$ = −10	°𝐶	 → 	 ℎ$ = 246.37

𝑘𝐽
𝑘𝑔

P𝑃% = 0.8	𝑀𝑃𝑎
𝑇% = −50	°𝐶	 → 	 ℎ% = 286.71

𝑘𝐽
𝑘𝑔

P𝑃/ = 0.72	𝑀𝑃𝑎
𝑇/ = 26	°𝐶	 → 	 ℎ/ ≅ ℎ7	@	%;	°= = 87.83

𝑘𝐽
𝑘𝑔

Pℎ, ≅ ℎ/ = 87.83
𝑘𝐽
𝑘𝑔
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• Solution (a): The rate of heat removal from the refrigerated 
space and the power input to the compressor are:

𝑄̇' = 𝑚̇ ℎ$ − ℎ, = 0.05
𝑘𝑔
𝑠 246.37 − 87.83

𝑘𝐽
𝑘𝑔 = 7.93	𝑘𝑊

𝑊̇+( = 𝑚̇ ℎ% − ℎ$ = 0.05
𝑘𝑔
𝑠 286.71 − 246.37

𝑘𝐽
𝑘𝑔 = 2.02	𝑘𝑊
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• Solution (b): The isentropic efficiency of the compressor is 
determined from:

• Where the enthalpy at state 2𝑠 (𝑃ST = 0.8	𝑀𝑃𝑎 and 𝑠ST =
𝑠U = 0.9724 VW

VXYZ
) is 284.20 VW

VX
.	 Thus:

𝜂= ≅
ℎ%> − ℎ$
ℎ% − ℎ$

𝜂= ≅
284.20 − 246.37
286.71 − 246.37 = 0.938	𝑜𝑟	93.8%
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• Solution (c): The coefficient of performance of the 
refrigerator is:

𝐶𝑂𝑃& =
𝑄̇'
𝑊̇+(

=
7.93	𝑘𝑊
2.02	𝑘𝑊 = 3.93
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• What is the maximum theoretical COP of a refrigeration 
device operating between 0 ℉ and 75 ℉?
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• Solution: The maximum theoretical Coefficient of 
Performance is the Carnot COP

• Make sure to use the absolute temperatures:
q °C + 273 = K (Kelvin)
q °F + 460 = R (Rankine)

𝐶𝑂𝑃!"#$%&,!%%()$* =
𝑇+,"-

𝑇!%$. − 𝑇+,"-
=
460𝑅
75𝑅

= 6.13
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• Refrigerant 134a enters an evaporator at -20 ºF and 0.3 
quality at a mass flow rate of 1 kg/s. Compute the cooling 
capacity of the evaporator in kilowatts, if the refrigerant 
leaves as saturated vapor at -20 ºF.
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• Solution: From the problem statement:

q𝑇!"#$ = −20℉

q 𝑚̇ = 1 %&
'
= 132.3 ()*

+,-

q𝑋!"#$?@ = 0.3
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• Solution: From our knowledge of a vapor compression 
cycle:

q𝑋!"#$ABC = 1

qℎ!"#$ABC = 100.054 ./0
()*

qℎ!"#$?@ = 0.3 100.054 + 0.7 5.991 = 34.21 ./0
()*
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• Solution: Overall heat transfer of the evaporator: 

𝑄̇"#6D = 𝑚̇ ℎ"#6D,EF) − ℎ"#6D,+( = 132.3
𝑙𝑏𝑚
𝑚𝑖𝑛 65.844

𝐵𝑡𝑢
𝑙𝑏𝑚 60

𝑚𝑖𝑛
ℎ𝑟

= 	 522,669.7
𝐵𝑡𝑢
ℎ𝑟

𝑄̇"#6D = 522,669.7
𝐵𝑡𝑢
ℎ𝑟

×
1	𝑘𝑊

3,412𝐵𝑡𝑢ℎ𝑟
= 153.2	𝑘𝑊	



QUIZ

45



EXAM

46



Exam
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• Date: December 6, 2023
• Time: 8 am to 10 am
• Location: WH 116 (Our class location)

• Review the previous final exam

• Similar to the previous midterm exams but longer since we 
have two hours

• Remember the best of two exams out of three will be used 



Exam
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• Closed Book:
q Three papers (two papers from the first two midterms plus a 

new paper for the content after the midterm exam 2)
q All the content covered in this semester 
q Calculator is also allowed

• Open Book:
q Calculator is also allowed
q Only the thermodynamics or thermal-science book (or the 

thermodynamics tables)
q More focus on the content after exam 2 plus a detailed 

property table / property diagram question 
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• The bonus activities document is posted:
q Please pay attention to the deadlines and also the updates 

about this task
q An idea submission by the end of today – the link will 

disappear
q If you need anything to purchase let me know 
q You can use the Idea Shop or the Machine Shop
q If you are planning to write codes, no need to submit a report 

(Just add comments as much as possible and submit your 
codes or Jupiter Notebooks)

q For the case of a hands-on activity, recording a short video 
would be great to demonstrate the process of you would use it 
and also document the process similar to these Instructable 
DIYs: https://www.instructables.com/

https://www.instructables.com/


EXTRA SOLVED PROBLEM (1)

51



Extra Solved Problem (1)
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• A heat pump operates on the ideal vapor-compression 
refrigeration cycle and uses refrigerant-134a as the 
working fluid. The condenser operates at 1000 kPa and 
the evaporator at 200 kPa. Determine this system’s COP 
and the rate of heat supplied to the evaporator when the 
compressor consumes 6 kW. 
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• Solution (assumptions):
qSteady operating conditions exist
qKinetic and potential energy changes are negligible
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• Solution (using Tables A-11, A-12, and A-13):

𝑃$ = 200	𝑘𝑃𝑎
𝑠𝑎𝑡. 𝑣𝑎𝑝𝑜𝑟 	 → 	

ℎ$ = ℎ0	@	%33	9.6 = 244.50
𝑘𝐽
𝑘𝑔	

𝑠$ = 𝑠0	@	%33	9.6 = 0.93788
𝑘𝑗

𝑘𝑔 − 𝐾	

P𝑃% = 1000	𝑘𝑃𝑎
𝑠$ = 𝑠%

	 → 	 ℎ% = 278.07
𝑘𝐽
𝑘𝑔

P𝑃/ = 1000	𝑘𝑃𝑎
𝑠𝑎𝑡. 𝑙𝑖𝑞𝑢𝑖𝑑 	 → 	 ℎ/ = ℎ7	@	$333	9.6 = 107.34

𝑘𝐽
𝑘𝑔

ℎ, = ℎ/ = 107.34
𝑘𝐽
𝑘𝑔
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• Solution (using equations):

𝑊̇+( = 𝑚̇ ℎ% − ℎ$ 	 → 	 𝑚̇ =
𝑊̇+(

(ℎ% − ℎ$)
=

6 𝑘𝑗𝑠
278.07 − 244.50 𝑘𝐽

𝑘𝑔

= 0.1787
𝑘𝑔
𝑠

𝑄̇' = 𝑚̇ ℎ$ − ℎ, = 0.1787
𝑘𝑔
𝑠 244.50 − 107.34

𝑘𝑗
𝑘𝑔 = 24.5	𝑘𝑊

𝐶𝑂𝑃-. =
𝑞-
𝑤+(

=
ℎ% − ℎ/
ℎ% − ℎ$

=
278.07 − 107.34
278.07 − 244.50 = 5.09
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• A refrigerator operates on the ideal vapor-compression 
refrigeration cycle and uses refrigerant-134a as the 
working fluid. The condenser operates at 300 psia and the 
evaporator at 20°F. If an adiabatic, reversible expansion 
device were available and used to expand the liquid 
leaving the condenser, how much would the COP improve 
by using this device instead of the throttle device? 
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• Solution (assumptions):
qSteady operating conditions exist
qKinetic and potential energy changes are negligible
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• Solution (using Tables A-11E, A-12E, and A-13E):

𝑇$ = 20	°𝐹
𝑠𝑎𝑡. 𝑣𝑎𝑝𝑜𝑟 	 → 	

ℎ$ = ℎ0	@	%3	°G = 106.00
𝐵𝑡𝑢
𝑙𝑏𝑚

𝑠$ = 𝑠0	@	%3	°G = 0.22345
𝑘𝑗

𝑘𝑔 − 𝐾	

f𝑃% = 300	𝑝𝑠𝑖
𝑠$ = 𝑠%

	 → 	 ℎ% = 125.70
𝐵𝑡𝑢
𝑙𝑏𝑚

𝑃/ = 300	𝑝𝑠𝑖𝑎
𝑠𝑎𝑡. 𝑙𝑖𝑞𝑢𝑖𝑑 	 → 	

ℎ/ = ℎ7	@	/33	D>+6 = 66.347
𝐵𝑡𝑢
𝑙𝑏𝑚

𝑠/ = 𝑠7	@	/33	D>+6 = 0.12717
𝐵𝑡𝑢

𝑙𝑏𝑚 − 𝑅

ℎ, = ℎ/ = 66.347
𝐵𝑡𝑢
𝑙𝑏𝑚

𝑇, = 20	°𝐹	 → ℎ,> = 59.81
𝐵𝑡𝑢
𝑙𝑏𝑚

𝑠, = 𝑠/ 	 → 	 𝑥,> = 0.4724
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• Solution (equations):

𝐶𝑂𝑃& =
𝑞'
𝑤+(

=
ℎ$ − ℎ,
ℎ% − ℎ$

=
106.00 − 66.347
125.70 − 106.00 = 2.103

𝐶𝑂𝑃&	+>"()!ED+H =
𝑞'_+>"()!ED+H

𝑤+(
=
ℎ$ − ℎ,>
ℎ% − ℎ$

=
106.00 − 59.81
125.70 − 106.00 = 2.344

𝑃𝑒𝑟𝑐𝑒𝑛𝑡	𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒	𝑖𝑛	𝐶𝑂𝑃 =
2.344 − 3.013

2.013 = 16.5%


