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ANNOUNCEMENTS



Announcements

Assignment 7 is due tonight
O Solution will be uploaded at midnight
[ No late submission after that will be accepted

Assignment 8 will be posted next Tuesday
We will have 9 assignments in this course instead of 11

Midterm 2 is next lecture (11/10)
 Chapters 5, 6, 7 (till the end of section 7-3)
 Exam preparation strategy



Announcements

It is highly recommended to review the lectures and
recordings:

Folder Dashboard Last 90 days v
183 29 2629.6
Views and Unique Viewers Minutes Delivered
Downloads

Views and Downloads by Day 4
50 1,000

]

s 40 800 3
< g
z 30 600 =
a (=]
el 172}
2 20 400 3
2 =
2 10 200 =
s

0 0
8/10/22 8/17/22 8/24/22 8/31/22 97122 9/14/22 9/21/22 9/28/22 10/5/22 1012022 10/19/22  10/26/22 1/2/22

. Views and Downloads . Unique Viewers . Minutes Delivered



RECAP



Recap

* The first law places no restriction on the direction of a
process but satisfying the first law does not ensure that the
process can actually occur

* A process cannot occur unless it satisfies both the first and
the second laws of thermodynamics

 The second law also asserts that energy has quality as well
as quantity

ONE WAY

( Hot » Heat

Process st law 2nd law | coffee
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Recap

» Heat engines differ considerably from one another, but all
can be characterized by these criteria:

 They receive heat from a high temperature source (e.g., solar)

O They convert part of this heat to work (usually in the form of a
rotating shaft)

 They reject the remaining waste heat to a low-temperature
sink (e.g., the atmosphere, rivers, ...)

1 They operate on a cycle

« Heat engines and other cyclic devices usually involve a fluid
to and from which heat is transferred while undergoes a
cycle. We call the fluid, a working fluid



Recap

« Heat engines cycles are as following:

igh-temperature
Source

Qin

Heat

engine W

net,out




Recap

« The best example of a heat engine is the steam power plan:

Oin = amount of heat supplied to steam in boiler from a high-temperature source (furnace)

Oont = amount of heat rejected from steam in condenser to a low-temperature sink (the atmosphere, a river, etc.)
Woue = amount of work delivered by steam as it expands in turbine

Wi, = amount of work required to compress water to boiler pressure

Energy source
(such as a furnace)

System boundary

Turbine

Condenser

Energy sink
ch as the atmosphe



Recap

» The fraction of the heat input that is converted to net work
output is a measure of the performance of a heat engine is
called the thermal efficiency

‘High-temperature reservoil

Wnet,out = Qg — 0

Wnet,out

Qn

4 Nth =

net,out

QL
= 1 e —
Nth On
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Recap

« \We can improve the thermal efficiency:

Non-condensing i 58 =

1'

Condensing
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HEAT ENGINES



Heat Engines

* The Second Law of Thermodynamics: Kelvin-Planck
Statement:

It is impossible for any device that operates on a cycle to receive
heat from a single reservoir and produce a net amount of work

13



Heat Engines

 The Second Law of Thermodynamics: Kelvin-Planck
Statement can be expressed as:

No heat engine can have a thermal efficiency of 100 percent

I'hermal energy reservo:
l Oy = 100 kW

Heat §
engine

14



Heat Engines

* The Second Law of Thermodynamics: Kelvin-Planck
Statement can be expressed as:

For a power plant to operate, the working fluid must
exchange heat with the environment as well as the furnace

15



REFRIGERATORS AND HEAT PUMPS



Refrigerators and Heat Pumps

* Refrigerators: The transfer of heat from a low-temperature
medium to a high-temperature one requires special devices
called refrigerators

» Refrigerators, like heat engines, are cyclic devices

* The working fluid used in the refrigeration cycle is called a
refrigerant



Refrigerators and Heat Pumps

* The most frequently used refrigeration cycle is the vapor-
compression refrigeration cycle

Surrounding medium
such as the kitchen ai

800 kPa
S02E

)
{}@iu) Expansion
valve
J

Refrigerated spac
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Refrigerators and Heat Pumps

* The efficiency of a refrigerator is expressed in terms of the
coefficient of performance (COP)

* The objective of a refrigerator is to remove heat (Q, ) from
the refrigerated space

cop. — Desired output 9
R Require input  Wiyer in

QL 1

QH_QL:Q_H_1
Q;

COPR=

« Can the value of COPg be greater than unity?



Refrigerators and Heat Pumps

* Heat pumps are in the news right now:

*' ENERGY.GOV SCIENCE & INNOVATION ENERGY ECONOMY SECURITY & SAFETY SAVE ENERGY, SAVE MONEY

Department of Energy

President Biden Invokes Defense

Production Act to Accelerate Domestic
Manufacturing of Clean Energy

JUNE 6, 2022

""""""" B ™ = e

* Heat Pumps — Our nation’s buildings, homes, offices, schools, hospitals, military bases, and
other critical facilities drive more than 40% of all U.S. energy consumption. To reduce the
amount of energy needed in our buildings, leading to less reliance by the U.S. and allies on
adversaries such as Russia for oil and gas, heat pumps are an important solution. Their use by
the U.S. and allies can shrink Russian revenue for war and reduce climate instability. However,
currently, U.S. HVAC manufacturers are not producing heat pumps at the rate needed. The
Biden-Harris Administration can help American manufacturing expand and expedite the
installation of heat pumps in homes and residential buildings by qualified building

professionals.
20



Refrigerators and Heat Pumps

« Heat Pumps: The objective of a heat pump is to supply heat
Qg into the warmer space

COP Desired output Qy | War:: ?wgo;ment
_ _ ATy > T,
HP = — =
Require input Whet.in
. Required
Cn input
| y ‘ H"’nct.in
Desired output Qy X R _\
COPyp = . = -
Require input  Qy — Qy &Y o
output
Or

Cold refrigerated

COPHP = COPR +1 space at T
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Refrigerators and Heat Pumps

« Heat Pumps: The objective of a heat pump is to supply heat
Qy into the warmer space

 For fixed values of Q_ and Qg can the value of COPy be lower
than unity?

d What does COPp represent?



Refrigerators and Heat Pumps

 Heat Pumps: The objective of a
heat pump is to maintain a heated
space at high temperature. This is
accomplished by absorbing heat
from a low-temperature source,
such as well water or cold outside
air in winter and supplying this
heat to the high-temperature
medium as a house:

Warm

indoors
at 20°C

COP = 3.5 |

Cold outdoors
at 4°C

23



Refrigerators and Heat Pumps

» Performance of refrigerators, air conditioners, and heat
pumps:
O Most heat pumps have a seasonally averaged COP of 2 to 3

0 Most existing heat pumps use the cold outside air as the heat
source in winter (air-source HP)

A In cold climates their efficiency drops considerably when
temperatures are below the freezing point

4 In such cases, geothermal (ground-source) HP that use the
ground as the heat source can be used

O Such heat pumps are more expensive to install, but they are
also more efficient



Refrigerators and Heat Pumps

» Performance of refrigerators, air conditioners, and heat
pumps:
O Air conditioners are basically refrigerators whose refrigerated

space is a room or a building instead of the food
compartment

O The COP of a refrigerator decreases with decreasing
refrigeration temperature

d It is not economical to refrigerate to a lower temperature than
needed



Refrigerators and Heat Pumps

* Energy efficiency rating (EER): The amount of heat
removed from the cooled space in Btu's for 1 W h
(watthour) of electricity consumed

EER = 3.412 COP,



CLASS ACTIVITY



Class Activity

* The household refrigerator with a COP of 1.2 removes heat

from the refrigerated space a rate of 60 kJ/min. Determine:
a) The electric power consumed by the refrigerator
b) The rate of heat transfer to the kitchen air



Class Activity

Solution:
) QL 60 kJ /min k]
W . = = _—
net,in COPR 12 50 mm 0833 kW

Qn = Q + Wit in = 60 + 50 = 110 kJ /min

Refrigerator

29



CLASS ACTIVITY



Class Activity

* Aheat pump is used to meet the heating requirements of a
house and maintain it at 20 °C. On a day when the outdoor
air temperature drops to -2°C, the house is estimated to lose
heat at a rate of 80,000 kJ/h. If the heat pump under these
conditions has a COP of 2.5, determine

a) The power consumed by heat pump
b) The rate at which heat is absorbed from the cold outdoor air



Class Activity

« Solution:

i Qu _ 80,000k)/h
metin T COPyp 2.5

= 32,000 kJ /h (8.9 kW)

Heat loss

80.000 kJ/h

W,

N
netan 2

COP = 2.5 @ HP

. . . k] kj
QL= QL — Whetin = (80,000 — 32,000) W = 48,000 W

QL= ?

utdoor air at -2°

32



Refrigerators and Heat Pumps

 The Second Law of Thermodynamics: Clasius Statement

It is Impossible to construct a device that operates in a cycle and
produces no effect other than the transfer of heat from a lower-
temperature body to a higher-temperature body.

33



Refrigerators and Heat Pumps

 The Second Law of Thermodynamics: Clasius Statement

[ It states that a refrigerator cannot operate unless its
compressor is driven by an external power source, such
as an electric motor

 This way, the net effect on the surroundings involves the
consumption of some energy in the form of work, in
addition to the transfer of heat from a colder body to a
warmer one

 To date, no experiment has been conducted that
contradicts the second law, and this should be taken as
sufficient proof of its validity



Refrigerators and Heat Pumps

 The Second Law of Thermodynamics: Clasius Statement

Warm environment

Cold refrigerated space

A refrigerator that violates the Clausius statement of the second law. 35



Refrigerators and Heat Pumps

« Equivalence of the Two Statements

(a) A refrigerator that is powered by (b) The equivalent refrigerator
a 100 percent efficient heat engine

Proof that the violation of the Kelvin—Planck statement leads to the violation of
the Clausius statement. 36



Refrigerators and Heat Pumps

« Equivalence of the Two Statements

d The Kelvin—Planck and the Clausius statements are
equivalent in their consequences, and either statement can
be used as the expression of the second law of
thermodynamics

1 Any device that violates the Kelvin—Planck statement also
violates the Clausius statement, and vice versa



REVERSIBLE AND IRREVERSIBLE
PROCESSES



Reversible and Irreversible Processes

* Reversible process: A process that can be reversed
without leaving any trace on the surroundings

* Irreversible process: A process that is not reversible

 All the processes occurring in nature are irreversible

e i (b) Quasi-equilibrium expansion

g o and compression of a gas
(a) Frictionless pendulum P <

39



Reversible and Irreversible Processes

* Why are we interested in reversible processes?
1) They are easy to analyze
2) They serve as idealized models (theoretical limits) to
which actual processes can be compared.

* Some processes are more irreversible than others

* We try to approximate reversible processes



Reversible and Irreversible Processes

* Reversible processes deliver the most and consume the
least work

Expansion Compression
Pressure — -
distribution
Water Water
/ > / 1

(a) Slow (reversible) process

Expansion Compression

Water /é Water

L e g =y )

(b) Fast (irreversible) process



Reversible and Irreversible Processes

» The factors that cause a process to be irreversible are
called irreversibilities

Friction E

(a) Fast compression

-

(b) Fast expansion

700 kPa \'-<< 50 kPa

(c¢) Unrestrained expansion

42



Reversible and Irreversible Processes

 Irreversibilities includes friction, unrestrained expansion,
mixing of two fluids, heat transfer across a finite temperature
difference, electric resistance, inelastic deformation of solids,
and chemical reactions

* The presence of any of these effects renders a process
irreversible

43



Reversible and Irreversible Processes

« Heat transfer through a temperature difference is irreversible
* The reverse process is impossible

N

== = .

~_ ~___

S \ S
EN ;\\_ -

{_,»-/ .

-

(b) An impossible heat transfer process (a) An irreversible heat transfer process

44



Reversible and Irreversible Processes

* Internally and Externally Reversible Processes:

d Internally reversible process: If no irreversibilities occur
within the boundaries of the system during the process
(e.g., a quasi-equilibrium process)

d Externally reversible: If no irreversibilities occur outside
the system boundaries (e.g., heat transfer between
reservoir and a system)

No
irreversibilities
outside
the system

irreversibilities
inside
the system




Reversible and Irreversible Processes

Internally and Externally Reversible Processes:

] Totally reversible process: It involves no irreversibilities
within the system or its surroundings

1 A totally reversible process involves no heat transfer
through a finite temperature difference, no nonquasi-
equilibrium changes, and no friction or other dissipative
effects.

T ¥ Boundary
at 20°C

Heat Heat
Thermal energy Thermal energy
reservoir at 20.000...1°C reservoir at 30°C

(a) Totally reversible (b) Internally reversible 46



THE CARNOT CYCLE



The Carnot Cycle

« Execution of the Carnot cycle in a closed system:

(1)—>(2)

gt ¥ ! 3 Reversible Isothermal Expansion (process 1-2,
* Ty = constant)

(a) Process 1-2

(2) —>»(3)

Reversible Adiabatic Expansion (process 2-3,
temperature drops from T, to T;)

Insulation

Reversible Isothermal Compression (process 3-
4, T, = constant)

Reversible Adiabatic Compression (process 4-1,
temperature rises from T, to Ty)

48

(d) Process 4-1



The Carnot Cycle

 The Reversed Carnot Cycle
O The Carnot heat-engine cycle is a totally reversible cycle
 Therefore, all the processes that comprise it can be reversed,
in which case it becomes the Carnot refrigeration cycle

P-V diagram of the Carnot cycle P-V diagram of the reversed Carnot cycle
49



THE CARNOT PRINCIPLES



The Carnot Principles

« Two main principles:
1. The efficiency of an irreversible heat engine is always less

than the efficiency of a reversible one operating between the
same two reservoirs

2. The efficiencies of all reversible heat engines operating
between the same two reservoirs are the same

High-temperature reservoir

Low-temperature reservoir
at 7,

51



The Carnot Principles

« All reversible heat engines operating between the same two
reservoirs have the same efficiency (the second Carnot
principle)

High-temperature reservoi
at Ty = 1000 K

PO w-temper ature reservo;
at T, = 300K

52



THE THERMODYNAMIC
TEMPERATURE SCALE



The Thermodynamic Temperature Scale

« Atemperature scale that is independent of the properties of

the substances that are used to measure temperature is

called a thermodynamic temperature scale

* Such a temperature scale offers great conveniences in

thermodynamic calculations

6 " High-temperature reservoir )
at T, = 1000 K

/ Another "\
reversible

‘A reversiblé
‘ HE j
\ tha

HE
s

Low-temperature reservoit!
at7; = 300K

54



The Thermodynamic Temperature Scale

* This temperature scale is called the Kelvin scale, and the

temperatures on this scale are called absolute temperatures
O For reversible cycles, the heat transfer ratio Q5 /Q;can be
replaced by the absolute temperature ratio T, /T;

High-temperature reservoir )
: at Ty

heat engine or

OW-temperature reservol

95




The Thermodynamic Temperature Scale

* This temperature scale is called the Kelvin scale, and the
temperatures on this scale are called absolute temperatures
1 A conceptual experimental setup to determine thermodynamic
temperatures on the Kelvin scale by measuring heat transfers

QH and QL-

T = 273.16Q—H

L

273.16 K (assigned)

. Water at triple point

Oy
T=273.16=
O



THE CARNOT HEAT ENGINE



The Carnot Heat Engine

« The Carnot heat engine is the most efficient of all heat
engines operating between the same high- and low-
temperature reservoirs

. 'gh-temperature reservd
at TH = 1000 K

LOW-temperature reserve
at TL =300 K

58



The Carnot Heat Engine

* Any heat engine:

QL
=1 --=
Ten QH

« Any Carnot heat engine:

Ty,
Nthrev = 1- E



The Carnot Heat Engine

* \We can say:

(< Nthrev irreversible heat engine
Neh = = Nthrev reversible heat engine
| = Menrev impossible heat engine



The Carnot Heat Engine

* No heat engine can have a higher efficiency than a
reversible heat engine operating between the same high-
and low-temperature reservoirs

High-temperature reservoir
at T,; = 1000 K

Low-temperature reservoir
at TL =300 K

61



CLASS ACTIVITY



Class Activity

* A Carnot heat engine receives 500
kd of heat per cycle from a high-
temperature source at 652 °C and
rejects heat to a low-temperature
sink at 30 °C. Determine:

a) Athermal efficiency of this
Carnot engine

b) The amount of heat rejected to
the sink per cycle

High-temperature reservoit
at Tp; = 652°C

Qy=500kJ

Carnot
HE §

LOW-temperature reservo
at T, = 30°C

63



Class Activity

e Solution:
_ T _30+273
Mehrev = 2 =@ "= 2 " g52 4273
T, 30 + 27

3
QL,rev TH QH,rev 652 + 273 (500 k]) 6 k]




The Carnot Heat Engine

« The quality of Energy: The fraction of heat that can be

converted to work as a function of source temperature (for
T, =303 K).

'High-temperature reservoit

Ty, K N % Nthrev = 1 — T_
67.2 H
62.1
56.7
394
13.4

at TL =33k




The Carnot Heat Engine

« The higher the temperature of the thermal energy, the higher
its quality

T, KA

2000

1500
Thermal
. energy
1000 = °

500

66



THE CARNOT REFRIGERATOR AND
HEAT PUMP



The Carnot Refrigerator and Heat Pump

* For any refrigerator or heat pump:

COPR:

Qu _
0, 1




The Carnot Refrigerator and Heat Pump

* For any refrigerator or heat pump:




The Carnot Refrigerator and Heat Pump

* No refrigerator can have a higher COP than a reversible
refrigerator operating between the same temperature limits.

Warm environment

70



The Carnot Refrigerator and Heat Pump

 The COP of a reversible refrigerator or heat pump is the
maximum theoretical value for the specified temperature
limits

 Actual refrigerators or heat pumps may approach these

values as their designs are improved, but they can never
reach them

(< COPR ey irreversible refrigerator
COPgr =4 = COPgryrev reversible refrigerator
> COPR ey impossible refrigerator



The Carnot Refrigerator and Heat Pump

* The COPs of

both the refrigerators and the heat pumps

decrease as T, decreases
* That s, it requires more work to absorb heat from lower-
temperature media.

COPy = -

(< C OPg rev irreversible refrigerator

= COPRrev reversible refrigerator

B COPg ey impossible refrigerator



CLASS ACTIVITY



Class Activity

« A Carnot refrigeration cycle is executed in a closed system
in the saturated liquid-vapor mixture region using 0.8 kg of
refrigerant 134-a as the working fluid. The maximum and
the minimum temperatures in the cycle are 20 and -8 °C,
respectively. It is known that the refrigerant is saturated at
the end of the hat rejection process, and the net work input
to the cycle is 15 kJ. Determine the fraction of the mass of
the refrigerant that vaporizes during the heat addition
process and the pressure at the end of the rejection
process.



Class Activity

Solution:

200C

—8°C |

<Y
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Class Activity

Solution:
COP, = 1 _ 1 — 9.464
R‘@£_1‘20+m3_1"
T, —8+ 273

Q, = COPrxXW;, = (9.464)(15k]) = 142 k] (The amount of cooling)

142 kJ

Q1 = Mepahsg @ -s°c = = 0.694kg (TableA—11)

204.59;:—]
g



Class Activity

Solution:

Meyap  0.694 kg
Meotal 0.8 kg

Mass Fraction =

P4 - Psat@20°C - 5721 kPa



Class Activity

* Aheat pump is to be used during the winter. The house is to
be maintained at 21 °C at all times. The house is estimated
to be losing heat at a rate of 135,000 kJ/h when the outside
temperature drops to -5 °C. Determine the minimum power
required to drive this heat pump.

135,000 kJ/h
I Heat loss

78



Class Activity

Solution:
COP = L =11.3
HErev = T, /Ty | _=5+273 T
21 + 273
W _Qq _37.5kW_332kW
neLin T coPyp 113 7

135,000 kJ/h
Heat loss
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