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Chapter 1

Concepts, Dimensions, and
Units

Thermodynamics, generally speaking, is the science of energy. It focuses on the transforma-
tion of energy from one form to another. This includes transforming heat into work, such
as in an automobile engine or at a power plant, and transforming work into heat transfer,
such as in refrigerators or heat pumps.

The application of Thermodynamics is almost everywhere in our daily life. Examples of
some application areas of this subject are: propulsion, internal combustion engines, power
plants, refrigeration and air conditioning, solar heating, the interaction of the human body
with its surroundings, biomedical devices, the biology of the human body, animals, plants,
ecological systems, etc. In this course on thermodynamics we will focus on the analysis of
energy systems and the application of these systems to real world contexts.

There are two approaches of teaching Thermodynamics — microscopic and macroscopic.
Classical thermodynamics (the macroscopic approach) does not require detailed knowledge
of molecular motion to describe a system. Statistical Thermodynamics (the microscopic
approach) considers quantum mechanical description of molecules. We will primarily be
looking at the macroscopic view, while occasionally using the microscopic approach to im-
prove our basic understanding.

This first chapter is dedicated to introductory concepts, dimensions, and units. The basic
principles of thermodynamics are the conservation of mass, the conservation of energy, and
the concept of entropy. Basic thermodynamics terminology covered in this chapter includes
the concepts of a system, properties, states, equilibrium, and processes.

We will distinguish primary dimensions in Thermodynamics such as mass (m), length
(L), time (t), temperature (T'), electric current (I), the amount of a substance (n), and
secondary (or derived) dimensions such as: velocity (%), density (%), pressure (23), etc.
In this course we will use the two most prevalent unit systems: the International System of
Units (SI) and the United States Customary Units (US), focusing primarily on the first.

1.1 Thermodynamics and Energy

Thermodynamics is the science of energy, including energy storage and energy in transit.
The Conservation of Energy Principle states that energy cannot be created or destroyed,
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but can only change its form. The three forms of energy storage of greatest interest to
us are Potential Energy (PE), Kinetic Energy (KE), and Internal Energy (U), which we
introduce below. The two forms of energy in transit that we consider are Work (W) and
Heat (Q), and the interactions between these various forms of energy are defined in terms
of the First Law of Thermodynamics.

1.2 Force and Work

1.2.1 Nomenclature

Symbol Meaning SI Units English Units
F Force Newton [N] pounds-force [Ibf]
m Mass kilogram [kg] slugs OR pounds-mass [Ibm]
a Acceleration meters/second” [3] feet /second” [1£]
w Work Joules [J] foot-pounds [ft-1b]

1.2.2 Newton’s Second Law
You should have already seen Newton’s Second Law in Engineering Physics.
Newton’s Second Law states:
F=ma

Mass (m) and force (F') are two of the most common dimensions we will be using in
this course. Mass is used in nearly everything, because we are typically using properties of
matter given per unit mass. Force is used almost as often, but it tends to be hidden as
energy (F -d =W]/J]) or pressure (F/A = p [Pa])

You'll notice above that there are two possible units for mass in the US system. The
US unit of slugs is not used from day-to-day, but it is the most direct analog of the SI
unit kilograms [kg]. More commonly used is the pound-mass [lbm], which is defined by the
amount of mass which creates a pound-force in Earth’s standard gravity.

Since the acceleration due to gravity g = 32.25% we have:

1lbf =322 1 1bm
S

1 1bf :1f—2~1slug
s
1slug = 32.21bm

1.2.3 Work

We now consider the work done (W), which is the energy transferred to an object in motion
requiring both an applied force (F') and distance moved (d). If the force is constant over
the distance moved then the work done is given by:

W = Fd,
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In general, however, the force is not constant over the distance. For varying forces we
need to sum all the incremental work processes taking into consideration the variation of
the force. This leads to the integral form for determining work done as follows:

d
W:/ Fdx
0

Notice that the integral form can be simplified to the original form when F' is constant.

1.3 Unit Conversions

It is often necessary to convert data from one unit system to another. The lists below
give conversions for the basic units, along with several shortcuts for commonly used unit
combinations.

Base Units
1 kg = 2.2 Ibm = 0.0685 slug 1m=3.281ft
1 Ibm = 0.031 slug = 0.4536 kg 1ft = 0.3048 m
1 N = 0.225 Ibf 1 cm = 0.3937 in.
11bf =4.448 N 1in. = 2.54 cm
Temperature

T[°C] = (T[°F] — 32°F) - 5/9
T[°F) = T[°C] - 9/5 + 32°F

T[K] = T[°C] + 273.16K
T[°R] = T[°F] + 459.67°R

Energy and Energy Transfer

1 kJ =737.56 ft - Ibf = 0.9478 BTU
1ft-1bf=1.3558 J
1 BTU = 778.17 ft -

1 W=11J/s =341 BTU/hr
1 kW = 1.341 hp = 737.56 ft - Ibf/s

Ibf = 1.055 kJ 1 hp = 550 ft - Ibf/s = 0.7457 kW = 2545 BTU /hr

Common Combinations

1 km/hr = 0.6214 mile/hr = 0.2778 m/s 1m® = 1000 L = 35.315 £t* = 264.2 gal

1 mile/hr = 1.609 km/hr = 1.467 ft/s
1 kPa = 0.145 Ibf/in® = 0.021 Ibf/ft>
1 atm = 101.325 kPa = 14.7 1bf/in’
1 1bf/in® = 6.895 kPa = 144 Ibf/ft’

1 em?® = 0.061 in®
1in® = 16.39 cm?®
1L=10"°%m®=0.0353 ft* = 0.264 gal
1 gal = 0.00378 m® = 0.1337 ft> = 3.78 L
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Example 1.1: Unit Conversion

Figure 1.1 shows a speedometer. You can see that 50 mph is approximately the same
as 80 km/h. How much error is present in that estimate?

1. Determine the approximate conversion created by the above information. Com-
pare that to the value given in the Common Combinations section above.

2. Use the base unit conversions, along with 1 mile = 5280 feet and 1 hour = 3600
seconds to recreate the conversion value.

Figure 1.1: An old Ford speedometer. From Wikimedia Commons.

1. The Common Combinations section gives the conversion “I1 mile/hr
1.609 km/hr”.

shown below:

We can create a similar equation from the speedometer, as

50 mile 80 km
hr hr
At this point, it’s simple to create a similar conversion to the one given:

1 _ mile 1 km
—50 = —80—
50 hr 50  hr

1mile _1 6km

hr " hr

This is less than 1% off from the more accurate value given.

2. In order to build a conversion from base units, we need our starting point (1
mph), and fix one unit at a time.

mile 5280 ft ft
hr 1 mile 5280E
ft 1m m
5280H 38R 1609'3E
m 1km km
1 33— =1. —
609 3hr 1000 m 6093 hr



https://commons.wikimedia.org/wiki/File:Ford_Mondeo_MK3_ST220_-_Speedometer.jpg

1.4. FORMS OF ENERGY )

We get a final result which is actually more accurate than the value given in
the earlier list.

Outside of an exam or quiz, it is always good to double-check unit conversions with values
found online. Typing “1 mph in kmph” into Google pulls up a very useful unit conversion
tool.

1.4 Forms of Energy

The various forms of energy of interest to us are introduced in terms of a solid body having
a mass m [kg]. These include potential, kinetic and internal energy.

1.4.1 Potential Energy

Potential energy (PE) is associated with the elevation of the body, and can be evaluated in
terms of the work done to lift the body from one datum level to another under a constant
acceleration due to gravity g [%], as follows:

hao ho

W = Fdx = m-gdr=m-glhy —h1) =m-Ape = APE (1.1)
hy h1

Typically, we simplify this to say that PE = mgh.

1.4.2 Kinetic Energy

Kinetic energy (KE) of a body is associated with its velocity V [%] and can be evaluated
in terms of the work required to change the velocity of the body, as follows:

W:/Fd:c:/mﬂdx:/m-%dm (1.2)

however, velocity V = %, thus integrating from V; to Va:
Va V2 _ V2
W = m-Vdem-(%l):m-Ake:AKE (1.3)
i

Typically, this is simplified to say that KE = %mV2.

1.4.3 Internal Energy

Internal energy (U) of a body is that associated with the molecular activity of the body as
indicated by its temperature T [°C], and can be evaluated in terms of the heat required to

change the temperature of the body having a specific heat capacity c |:kgLCi| , as follows:

Q=m-c-AT =m -Au=AU (1'4)

Unfortunately, the specific heat ¢ changes with temperature. For this reason, it is typi-
cally necessary to look up the internal energy of a substance from a table.


https://www.google.com/search?q=1+mph+in+kmph
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Example 1.2: Cooking with Internal Energy

In order to gain an intuitive appreciation for the relative magnitudes of the different
forms of energy we consider the (tongue-in-cheek) example of an attempt to cook a
turkey by potential energy. The turkey is brought to the top of a 100 m building
(about 30 stories) and then dropped from the ledge. The potential energy is thus
converted into kinetic energy, and finally on impact the kinetic energy is converted
into internal energy. The increase in internal energy is represented by an increase in
temperature, and hopefully, if this experiment is repeated enough times the temper-
ature increase will allow the turkey to cook. This remarkable experiment was first
reported by R.C.Gimmi and Gloria J Browne — “Cooking with Potential Energy*,
published in the Journal of Irreproducible Results (Vol. 33, 1987, pp 21-22).

Potential Energy
h h
W:/ Fdx:/ mg dx
0 0

‘Wzm-g~h:APE‘

Internal Energy

Q=m-C-AT =AU |

Kinetic Energy

W:/Fdz:/mgdx:/mil—‘t/dx

1%
:m/d—de:m/ vV av

m-V?

=AKE

W =

Equating all three energy forms:

APE = AKE = AU [J]

.V?2
m-g~h=m2 =m-C- AT
Since mass m is common, evaluate specific energy (h=100 m):
Ape = Ake = Au [i]
pe = = ke

V2 J
g-h= 3 =C-AT~1000 [@
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V2 [m? J N-m 1kg-m
z[@]”’m{kg'(J )'(N 32 )]

Vimpace = /2000 = 44.7 [?} (~ 100 mph!)

We estimate the specific heat of a turkey.

¢ = 3000 [J/kg°C](a little less than water)

cAT = 3000 AT = 1000 [J/kg] = | AT =0.33°C

What a disappointment! At 0.33°C per fall it will require repeating the experiment
600 times just to reach the cooking temperature of 200°C.

Thus

1.5 Basic Properties of Matter

1.5.1 Nomenclature

Symbol Meaning SI Units English Units
p Density kg/m? slug/ft> OR Ibm /ft?
D Pressure Pascal [Pa]  pounds/foot [psf]
v Specific Volume m? /kg ft?/slug OR ft* /Ibm
T Temperature °C OR K °F OR °R

1.5.2 Density

Density is the amount of mass in a given volume. If the density is constant throughout the
volume, we can say that m = p- Vol. The units used for density are composed of a unit of
mass, such as kg, and a unit of volume, such as m?>.

The density of air under standard atmospheric conditions is around 1.2 kg/m3. The
density of water in normal conditions is about 1000 kg/m?3. Many solids have higher densities

still.

1.5.3 Specific Volume

In Thermodynamics, we often prefer to use mass-specific properties. Mass-specific simply
means that a property is given per unit mass. Density is unfortunately volume-specific,
rather than mass-specific. In order to convert density to a mass-specific property, we simply
need to invert it. Specific volume is the result: v = 1/p, represented in m?/kg.

1.5.4 Pressure

Gases and liquids (together referred to as fluids) both push on all surfaces they touch. The
force they apply is based on their pressure. If pressure is constant over the surface, we
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can say that FF = p- A. A more in-depth study of this phenomenon is covered in Fluid
Mechanics.

The basic unit of pressure is the Pascal [Pa], which is identical to a Newton per square
meter [ X5 ]. However, practical units are kilopascal [kPa], bar [100 kPa] or atm (atmosphere)
[101.32 kPa]. The gauge (or vacuum) pressure is related to the absolute pressure as shown
in the diagram below:

Absolute Pressure 1 DPascal [F‘a]: 1 [ﬂq}
¥ "
Pabs

1 [bar]=10"[Pa]=100[kFa]
Pgage 1 [atm ]=10132[kPa]

Atmospheric Pressue

Pvac

¢ Wacuum
Patm T

Pabs

W

Figure 1.2: Various pressure measurements.

Gauge and vacuum pressure are measured
compared to atmosphere.

The basic method of measuring pressure is by means of a manometer, as shown below:

Patm A

Atmospheric Pressue Free Body Diagram

(Force Balance)

Pressure Weight of liquid column

Vg
p = density of the liquid {Ky 3}
m
WV = volume [m?’]
g = gravity acceleration {9.81 ryn ]
2

From a force balance:

PA=PatmA +pVg = PatmA +phAg

Thus: | P=PFatm +pgh
Pgage=psgh

Figure 1.3: A diagram of a manometer, which is used to find the pressure difference between
two fluids.
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The basic principle here is that the force caused by excess pressure on one side is balanced
by the extra weight of fluid on the other side. You can find the difference in pressure through
the formula Ap = pgAh. In this case, Ap = p — Paim-

Manometers can only measure pressure differences, meaning that they are useful for
gauge and vacuum pressures, but not for finding absolute or atmospheric pressure.

In order to find atmospheric pressure (and by extension, absolute pressure), a mercury
barometer can be used as follows:

vacuum Density of Mercury: | pyg =13,600 {%]
Mereury (H
y (Hg) T PHg = (13595-2.47 T['C]) {%} (empirical)
m

eighth

Standard Atmosphere is defined as:
h = 760mm (0. 760m)
Patm =10132[kPa |

Figure 1.4: A diagram of a barometer, which is used to find the absolute pressure of a fluid.

The key here is the vacuum above the mercury. For a pure vacuum, absolute pressure
is 0. With that knowledge, the barometer works the same as the manometer above, with
Ap = Patm — 0.

1.5.5 Temperature

Temperature is a measure of molecular activity, and a temperature difference between two
bodies in contact (for example the immediate surroundings and the system) is the driving
force leading to heat transfer between them.

Both the Fahrenheit and the Celsius scales are in common usage in the US, hence it is
important to be able to convert between them. Furthermore we will find that in some cases
we require the Absolute (Rankine and Kelvin) temperature scales (for example when using
the Ideal Gas Equation of State).

To explain the difference between Fahrenheit and Celsius, remember that Fahrenheit
describes how hot something is to a human (0 being very cold, and 100 being very hot).
Celsius does the same for water (0 being freezing, and 100 being boiling). Rankine uses the
Fahrenheit scale, but sets the zero point at absolute zero (0°R = -459.67°F). Kelvin does
the same, but for Celsius (0 K = -273.15°C).

1.6 Types of Thermodynamic Systems

For purposes of analysis we consider two types of thermodynamic systems: closed systems
and open systems.

1.6.1 Closed Systems

Closed systems are usually referred to as control masses. This type of system is separated
from its surroundings by a physical boundary. Energy in the form of work or heat can
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flow across the system boundary, however there can be no mass flow across the boundary.
One typical example of a system is a piston/cylinder device in which the system is defined
as the fixed mass of fluid contained within the cylinder.

Surroundings

Boundary
Energy Flow

Mo Mass Flow

Heat (Q)

Figure 1.5: A closed system allows energy flow, but no mass flow.

A closed system that additionally restricts energy flow is known as an isolated system.
An isolated system will always have the same amount of mass and energy that it started
with.

1.6.2 Open Systems

Open Systems are usually referred to as control volumes. In this case, in addition to
work or heat, we have mass flow of the working fluid across the system boundaries through
inlet and outlet ports. In this course we will be exclusively concerned with steady flow
control volumes, in that the net mass of working fluid within the system boundaries remains
constant (i.e. mass flow in = mass flow out). The following sections refer mainly to systems
— we will consider control volumes in more detail starting with Chapter 4.

Mass Flow

Hi-

Control Volume

Work (W) =8 X ] »

Energy Flow  Heat (Q)

Figure 1.6: An open system allows both energy flow and mass flow.

1.7 Intensive and Extensive Properties

Systems are defined by the properties of the matter that make them up. For instance, you
can define a piston by the total amount of mass inside, the temperature, the pressure, etc.
A large part of Thermodynamics is defining and calculating the properties of matter.
Properties can be either extensive or intensive. Extensive properties depend on the
“extent” of the system, meaning that if you have more mass in the system, you will have
more of the property. Key examples of this are volume and mass, though you can define any
of the energies as extensive. Intensive properties are independent of the size of the system.
Pressure and temperature are key examples, though most properties can be redefined as
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intensive. For instance, density (p) and specific volume (v) are both intensive properties
defined from extensive properties.

Another example is the specific internal energy (u), which is simply the total internal
energy (U) divided by mass:

el = o

g_

In general, a specific property is an intensive property which has been obtained by
dividing the extensive property by the mass of the system.

1.8 State and Equilibrium

The state of a system is defined by the values of the various intensive properties of the
system.

The state postulate states that if two independent intensive property values are defined,
then all the other intensive property values (and thus the state of the system) are also
defined. This can significantly simplify the graphical representation of a system, since only
two-dimensional plots are required. Note that pressure and temperature are not necessarily
independent properties, thus a boiling liquid will change its state from liquid to vapor at a
constant temperature and pressure.

We assume that throughout the system equilibrium conditions prevail, which means
that there are no temperature or pressure gradients or transient effects. At any instant the
entire system is under chemical and phase equilibrium, meaning that all chemical reactions
and phase transitions (such as boiling) happen instantly, with no time delay. An alternative
viewpoint is that any processes (see Section 1.9) happen slowly enough that any chemical
reactions or phase transitions have a chance to complete as we inch along.

Note that this is an assumption, and that in future classes, such as Heat and Mass
Transfer, you will be interested in those gradients.

1.9 Process and Cycle

A process is a change of state of a system from an initial to a final state due to an energy
interaction (work or heat) with its surroundings. For example in the following diagram the
system has undergone a compression process in the piston-cylinder device.
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———

Process
Path

Pressure P

@

Volumne V

-

Figure 1.7: A compressing piston increases pressure and reduces volume in a system.

The process path defines the type of process undergone. Typical process paths are:

o Isothermal (constant temperature process)

Isochoric or Isometric (constant volume process)

Isobaric (constant pressure process)

Adiabatic (no heat flow to or from the system during the process)

We assume that all processes are quasi-static in that equilibrium is attained after each
incremental step of the process.

A system undergoes a cycle when it goes through a sequence of processes that leads the
system back to its original state.

1.10 Using Software: Google Colab (Python)

Google Colab is a free IDE (integrated development environment) for Python. Through

Colab, you can write Python code, link to countless existing libraries of code and data, and
run the code you write.

1.10.1 Setup and CoolProp Basics

To start off, click the link above (or search Google for “Google Colab”). You want to create

a New Notebook, so either select the option from the pop-up menu, or select “File” from
the menu bar and click on “New notebook”.

Your empty notebook should look something like Figure 1.8.


https://colab.research.google.com
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& Untitled2.ipynb
4 B comment a% Share £t e
File Edit View Insert Runtime Tools Help All changes saved

Connect ~ 2" Editing A

Create new code “cell” SN =K. ? ;
Q

<> " ”
Delete “cell

Execute all code in “cell”
{x}

o
Figure 1.8: An empty notebook in Google Colab, with several important buttons labeled.

Once you have your notebook created, we need to start off with some commands to link
to some common libraries:

# Clear all variable definitions

%reset -f

from numpy import * # Import common numerical functions (like sqrt)
from matplotlib.pyplot import x* # Import plotting functions (like plot)

Everything to the right of the # symbol is a comment (text that is ignored by Python).
Comments are not part of the code, but are helpful in describing the code in plain language.

The reset command removes variable definitions, and essentially makes sure we’re work-
ing from a clean slate. Some of the most frustrating errors to debug stem from the fact that
something is defined in a way that you aren’t expecting, and this helps avoid some of those
errors.

The from ... import * command grabs all of the functions from a library and gives
us access to them. We are getting function from the numpy library and the matplotlib
library. The numpy library contains functions like sqrt, sin, and log, and generally allows
you to do everything you could do on a scientific calculator (plus a lot more we won’t talk
about here). The matplotlib library gives you access to plot and all the functions you
need to make plots look good.

1.10.2 Basic Math

Let’s say that we know the area of a square (in acres) and would like to find out the length
of one of the sides. We can make this happen through the following lines of code:

arealnAcres = 2.5 # 2.5 acres
arealnSqFt = arealnAcres*43560 # conversion to square feet
sideLength = sqrt(arealnSqFt) # Area = length™2

This will convert from acres to square feet, then take the square root in order to find the
length of one of the sides. Running this code will not produce any errors, but at the same
time, it won’t seem to do anything.

In order to get information out of the code, we need to use the print command. The
simplest form is shown below:
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print(sideLength)

This will output the numerical value of sideLength, but nothing else. The problem with
this arises when you are printing several different values over the course of your code. It
becomes very easy to forget which number is which, or at the very least waste time trying
to figure it out.

What I prefer is a slightly more complicated version that includes a label and units:

print('length = ', sidelLength, 'm')

The little bit of up-front effort means that you are less likely to forget what the number
means in the future.

1.10.3 Plotting in Python

In order to make a plot, we first need to accumulate some data. The easiest way of doing
this is to manually build a list. Once you have two lists, you can plot! You can do this with
the following three lines of code:

Xx=1[0, 1, 2, 3, 4
Y [4, 1, 0, 1, 4
plot(X,Y)

]
]

After running, you should end up with a screen that looks like Figure 1.9

& Untitled2.ipynb

( B comment &% Share €2 G
File Edit View Insert Runtime Tools Help All changes saved
.+ Code + Text v Fg?shﬁ = - /" Editing A
v ° # Clear all variable definitions i © 8 % El u
Q $reset -f
from numpy import * #Import common numerical functions (like sqgrt)
<> from matplotlib.pyplot import * #Import plotting functions (like plot)
X =1[0,1, 2, 3, 4]
x} 5
Y [4, 1, 0, 1, 4]
plot(X,Y)
(]
[»> [<matplotlib.lines.Line2D at 0x7£e0907c£690>]
40
35
30
25
20
15
10
= 05
00
>_]

D‘O 0‘5 1‘0 1'5 2’0 2‘5 3‘0 3‘5 4b
Figure 1.9: Google Colab, displaying a simple plot.

We could give labels, titles, etc., but there’s not much point when our data doesn’t
actually mean anything. Instead, let’s return to our original problem of find the side length
of a plot of land.
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In order to attack this problem, we will build a list and calculate our side length values
all at once. To start, we need to define all of the areas we want to work with. Instead of
manually putting those in a list, we will use the 1inspace command:

arealnAcres = linspace(0, 25, 100) # create 100 points between 0 and 25

linspace has three arguments, or input values. The first and second define the beginning
and ending points of the list, respectively. The last argument is the number of points. If
you want to see all the values in the list, you can use the command print (areaInAcres).

Python can actually work with lists for most simple functions (like multiplication, sqrt,
trig functions, etc.). This means we can re-use the code we wrote for Section 1.10.2:

arealnAcres = linspace(0, 25, 100) 2.5 # 2.5 acres
arealnSqFt = areaInAcres*43560 # conversion to square feet
sideLength = sqrt(areaInSqFt) # Area = length™2

Then, we can plot areaInAcres as the x-axis, and sideLength as the y-axis.

plot(areaInAcres, sidelLength)

This will give us a plot, but since our line actually has meaning, we should give the plot
labels and a title. While we’re at it, we’ll also modify the axes and add grid lines.

The label and title commands are very straightforward. The important thing to note
is that the arguments must be strings, which are collections of characters. You denote a
string using quotation marks.

xlabel('Plot Area [ac]')
ylabel('Side Length [m]')
title('Length of Side of Land vs. Acreage')

Next, we’ll use the axis command. axis takes a list of values as an argument, which
should be in the order [<xmin>, <xmax>, <ymin>, <ymax>]. We’ll implement this as fol-
lows:

axis ([0, 25, 0, 1200])
Finally, let’s add some grid lines to make data a little easier to extract.
grid(visible=True)

When you've put everything together, Colab should look like Figure 1.10.
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& Untitled2.ipynb 7%
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RAM I o .
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° # Clear all variable definitions ™~ [ = o ] |z_'—_| [
sreset -f
from numpy import * #Import common numerical functions (like sqrt)

from matplotlib.pyplot import * #Import plotting functions (like plot)

areaInAcres = linspace(0, 25, 100) # create 100 points between 0 and 25
areaInSqFt = areaInAcres*43560 # conversion to square feet

sideLength = sqrt(areaInSqFt) # Area = length”2

plot(areaInAcres, sideLength)

xlabel('Plot Area [ac]')

ylabel('Side Length [m]')

title('Length of Side of Land vs. Acreage')

axis([0, 25, 0, 1200])

grid(visible=True)

Length of Side of Land vs. Acreage
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1000

Side Length [m]
] 2 8
3 3 3

8
8

0 5 10 15 20 25
Plot Area [ac]

Figure 1.10: Google Colab, displaying a fully labeled plot.
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Chapter 1 Homework:

Question 1.1: How are states, processes, and cycles related?

Question 1.2: Describe the difference between an intensive and extensive property.
Question 1.3: For each of the following properties, state whether it is intrinsic or
extrinsic.

e Pressure
¢ Volume
o Kinetic energy

e Specific internal energy

Question 1.4: For each of the following systems, state whether it is open, closed, and/or
isolated.

e The ice and water inside of a well-insulated cooler
e An airtight piston, which is heated from the outside

e A water spigot

Question 1.5: Describe the difference between an isothermal process and an adiabatic
process.

Question 1.6: A soda can has a diameter of 2.13 inches and a height of 4.83 inches.
Additionally, it has a mass of 384 g. Assuming the can is perfectly cylindrical, and the
mass of aluminum is 14.7 g, determine:

o The volume of soda in the can (in ft3). [0.0100 ft?]
o The mass of soda in the can (in lbm). [0.812 lbm]
o The density of soda in the can (in %) (1304 X&)

m*

Question 1.7: The temperature in Chicago in winter can be as low as 14°F. What is
the temperature in °C, K, and °R?
Question 1.8: A piston with a diameter of 3” compresses air, which is at an absolute
pressure of 2 atm. What is the net force required to hold the piston still? Provide your
answer in 1bf. [103.9 1bf]

Hint: don’t forget atmosphere (pqs, = 1 atm) pushing on the other side.
Question 1.9: Rework the previous question in Google Colab. Plot the force required
to hold the piston still, while varying the diameter of the piston between 1” and 10”. Plot
your result, including a title and labels on both the x- and y- axes.
Question 1.10: A barometer measures 690 mmHg. What is the atmospheric pressure
in kPa? [92 kPa|
Question 1.11: A manometer connects a tank with an unknown pressure to atmosphere.
If the manometer is filled with water at 20°C (p = 1000kg/m?), and a height difference
of 20 cm is measured, what is the gauge pressure in Pa? [1962 Pa] If the atmospheric
pressure is 101 kPa, what is the absolute pressure in Pa? [102.96 kPa]
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CONCEPTS, DIMENSIONS, AND UNITS



Chapter 2

Properties of Matter

In this chapter we consider the properties and relationships between properties of a pure
substance (such as water) which can exist in three phases — solid, liquid and gas. We will
not consider the solid phase in this course.

As you read through this chapter, you will notice that we always define a state through
two properties. Based on the state postulate, this is sufficient to fully define the state. In
other words, all properties of a state can be found, provided we know at least two.

19
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2.1 Phase Change and Property Diagrams

In order to introduce the rather complex phase change interactions that occur in pure
substances we consider an experiment in which we have liquid water in a piston-cylinder
device at 20°C and 100kPa pressure. Heat is added to the cylinder while the pressure
is maintained constant until the temperature reaches 300°C, as shown the T-v diagram
(temperature vs. specific volume) in Figure 2.1.

T-v diagram for water

600

500

400

300

Temmperature [degC)

200

100

3 ; 5 i B s R 0
0.om : [IN]
Specific Volurne [m3.' kq]

Figure 2.1: Heat is added to water at constant pressure, leading to boiling and an increase
of volume.

From State (1) to State (2) the water maintains its liquid phase and the specific volume
increases very slightly until the temperature reaches close to 100°C (State (2) — saturated
liquid). As more heat is added the water progressively changes phase from liquid to water
vapor (steam) while maintaining the temperature at 100°C (saturation temperature —
Tsat) until there is no liquid remaining in the cylinder (State (4) — saturated vapor). If
heating continues then the water vapor temperature increases (I' > Ts,4:) and is said to be
superheated (State (5)).

Notice that during this entire process the specific volume of the water increased by more
than three orders of magnitude, which made it necessary to use a logarithmic scale for the
specific volume axis.

This first experiment was performed at constant pressure. If we increased the force on
the piston (perhaps by increasing the mass of the piston), we could increase the pressure in
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the system. Then, we could cool the system until it was a liquid, and repeat the experiment
again. Figure 2.2 contains data from four such experiments, at 100 kPa, 1 MPa, 10 MPa,
and 22 MPa.

600 22 MPa
500 +
9 400
()
5 10 MPa
@ 300
()
o 4
§ 200
2 : 1 MPa
O- T L | T T T L T T
0.001 0.01 0.1 1 10
. 3
Specific Volume [f—g]

Figure 2.2: Heat is added to water at multiple pressures.

As the pressure increases, the constant temperature region between saturated liquid and
saturated vapor becomes smaller and smaller until it is eliminated completely at the critical
point. Above the critical point, there is no clear distinction between the liquid and vapor
states.

Fluids with temperatures above the critical temperature are known as supercritical
fluids or superheated fluids. Increasing the pressure will cause the fluid to be more
liquid-like, and decreasing the pressure will cause the fluid to be more gas-like.

To help distinguish between the regions of the T-v diagram, we separate the liquid,
vapor, and liquid-vapor mixtures with saturation lines. These lines are drawn by noting
each saturated liquid and saturated vapor points, and connecting them. The end result is
shown in Figure 2.3.
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Figure 2.3: T-v diagram with saturation curves shown.

The saturation lines define the regions of interest as shown in the diagram, being the
compressed liquid region to the left (blue), the quality region or saturated region en-
closed by the saturation lines (green), and the superheated region to the right of the
saturated vapor line and critical pressure line (red), and the supercritical region at tem-
peratures and pressures higher than the critical point (yellow).

We will use property tables associated with the regions in order to evaluate the various
properties. Notice that we have provided property tables of steam and Refrigerant R134a
in Appendix A and B.

2.2  Quality

The quality region, also referred to as the saturated liquid-vapor mixture region, is
the area enclosed between the saturated liquid line and the saturated vapor line. At any
point within this region the quality of the mixture (represented by the symbol z) is defined
as the mass of vapor divided by the total mass of the fluid, as defined in Equation 2.1.

g = e (2.1)

Mtotal

We can also use the rule of mixtures to define mass-specific properties. As an example,
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this is done for specific volume as follows:
V=Vr+V,
mv = myfuy + Mgy
mu = (m — mg)vs + Mgy
m m
—(1- J) my
v ( o vy + o Vg

v

(1 —z)vy + avg

Notice that properties relating to the saturated liquid have the subscript f, and those
relating to the saturated vapor have the subscript ¢g. If we consider a volume V' containing
a mass m of a saturated liquid-vapor mixture, we can calculate the quality x as follows:

v=(1—-2x)vy + zV4

v =y + (v~ vy)

T = v-vr (2.2)
Vg — Vs

This is demonstrated graphically in Figure 2.4.
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Figure 2.4: Quality is the ratio of the mass of gas to the total mass within the system.

Typically, because of the extremely large range of specific volume values of interest, the
T-v diagram can only be done on a semi-log plot (logarithmic scaling on the z-axis). This is
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extremely inconvenient, so instead the T-v diagram is normally not drawn to scale. Instead,
it is only sketched in order to help define the problem, which is then solved in terms of the

steam tables. This approach is illustrated in an example below.

Example 2.1: Boiling Water

Two kilograms of water at 25°C are placed in a piston cylinder device under 100
kPa pressure (state (1)). Heat is added to the water at constant pressure until the
piston reaches the stops at a total volume of 0.4 m3 (state (2)). More heat is then
added at constant volume until the temperature of the water reaches 300°C (state
(3)). Determine (a) the quality of the fluid and the mass of the vapor at state (2),
and (b) the pressure of the fluid at state (3).

Step 1: Diagram Always draw a complete diagram of the states and processes
of the problem and include all the relevant information on the diagram. In this case
there are three states and two processes (constant pressure and constant volume).

Heat () ;ﬁs‘f‘gter Heat (Q)

Step 2: p-v or T-v In the case of a closed system with a phase change fluid, always
sketch a T-v or p-v diagram indicating all the relevant states and processes on the
diagram. As mentioned above this diagram will not be drawn to scale, however it
will help to define the problem and the approach to solution. In the case of steam,
as we determine various values from the steam tables we add these values to the
diagram, typically as shown below:

Ta N
critical o
Tex point / *CR
Pa7,
300°C &
E /
g 4
g P=100kPFa
&
E‘
996°C g
= 2
25 Quality [z 7
w2 |7 -
i, 100kPa specific volume Vg,100kPa v

=0001m3ke = 1694m3/kg
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Step 3: Address Prompt Notice that the T-v diagram is based exclusively on
intensive properties, hence mass is not indicated on the diagram. Thus we indicate
on the diagram that in order to determine the quality at state (2) we need to first
evaluate the specific volume vy, which can then be compared to the saturation values
vy and v,y at the pressure of 100 kPa.

Thus:

Quality can be found via Equation 2.2:
vy —vy  0.2-0.001
T2, — vy 1.694 - 0.001

Finally, the mass of water vapor:

My
Mot

T = —>m92:x2~mt0t=0.118~2kg—>‘mg2:O.235 kg‘

Concerning state (3), the problem statement did not specify that it is in the super-
heated region. We needed to first determine the saturated vapor specific volume v,
at 300°C. This value is 0.0216 m?/kg, which is much less than the specific volume
vz of 0.2 m3/kg, thus placing state (3) well into the superheated region. Thus the
two intensive properties which we use to determine the pressure at state (3) are
T3=300°C, and v3=0.2 m? / kg. On scanning the superheated tables we find that
the closest values lie somewhere between 1.2 MPa and 1.4 MPa, thus we use linear
interpolation techniques to determine the actual pressure ps as shown below:

Superheat Vapor Tables at 300°C
v| 02139 v3=02 | 01823 |m3kg
p 1.2 P37 14 [MPa

Linear interpolation has a good description from Wikipedia, but we will use it as

follows:
Apa  Awg ps—12  0.2-0.2139

Ap, Avy,  14-1.2 0.1823 —0.2139
Therefore, | p3 = 1.29 MPa.

=0.440

If you check the steam property tables, you will see that we have also included three new
properties: internal energy u [kJ/kg], enthalpy h [kJ/kg], and entropy s [kJ/kgK]. All of
these will be defined as needed in future sections. At this stage we note that the 3 equations
relating quality and specific volume can also be evaluated in terms of these three additional
properties.


https://en.wikipedia.org/wiki/Linear_interpolation
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u=(1—-2)us+xu,
h=(1—-2x)hsf+zh,
s=(1—-z)s;+x s,

2.3 The p-v Diagram for Water

The above discussion was done in terms of the temperature (T') and specific volume (v).
You may recall from Chapter 1 when we defined the State Postulate however, that any two
independent intensive properties can be used to completely define all other intensive state
properties. This means we can also evaluate a substance in terms of pressure (p) and specific
volume (v) as shown below:
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o o )
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&
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5
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g
a
01 100°C
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0.001 0.01 0.1 1 10
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Figure 2.5: Variation of pressure and specific volume for water at various temperatures.
Note that both the x- and y- axes are logarithmic.

Similar to the T-v diagram, we typically only sketch the p-v diagram to solve problems,
as seeing all relevant data requires a log-log plot. Again, the example below illustrates this
process.

Example 2.2: Constant Pressure Expansion

Two kilograms of water at 25°C are placed in a piston cylinder device under 3.2 MPa
pressure as shown in the diagram (State (1)). Heat is added to the water at constant
pressure until the temperature of the fluid reaches 350°C (State (2)). Determine the
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final volume of the fluid at state (2).
Step 1: Diagram In this case, there are only two states.

Step 2: p-v or T-v  In this example since the pressure is known (3.2 MPa) and
remains constant throughout the process, we find it convenient to draw a p-v diagram

indicating the process (1) - (2) as follows.

P& e
D critical

C’EMPa ‘ point
l6.3MPa 350°C

g Superheat Region

g

=}
37 MPa b Tsat@3 2MPa " \

(Juality Fegion
——
3 2kPa | € —~,
specific volume w27 v

Step 3: Address Prompt As in the previous example, on scanning the super-
heated tables we find that we need to interpolate between pressure p=3.0 MPa and
p=3.5 MPa in order to determine the specific volume at the required pressure of 3.2
MPa as follows:

Superheat Vapor Tables

P 30 32 35 |MPa
Tsat| 2339°C 2426°C
v@ 350°C | 00906 00768 |m3/kg

ApA o A’UA - 3.2-3.0 - Vg — 0.0906 _
Ap, Av, 35-3.0 0.0768 — 0.0906

Therefore, vy = 0.085%3 and | V5 = 0.17 m?>.

0.4
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2.4 Ideal Gas Equation of State

We find that for a pure substance in the superheated region, at specific volumes much higher
than that at the critical point, the p-v-T relation can be conveniently expressed by the ideal
gas equation of state to a high degree of accuracy, as follows:

pv = RT (2.3)

where: R is constant for a particular substance and is called the gas constant.

Note that for the ideal gas equation both the pressure p and the temperature T must be
expressed in absolute quantities.

The gas constant R can be expressed as follows:

Ry, | kJ
R=—|—— 24
M {kg . K] (24)
where R, = 8.314&‘%, and is known is the universal gas constant. M is the molar
mass of the gas, measured in k;gol] or [22] (which yield the same numerical value). For
air,
kg kJ
M =28.97T—— air = 0.287——
8 97kmol — R 0 87kg X
For water/steam,
kg kJ
M =18.02—— =0.4615——
8.0 kmol_>RH2O 0.46 5kg-K

Example 2.3: Checking the Ideal Gas Law

A piston-cylinder device contains 0.5 kg saturated liquid water at a pressure of 200
kPa. Heat is added and the steam expands at constant pressure until it reaches
300°C.

a) Draw a diagram representing the process showing the initial and final states of
the system.

b) Sketch this process on a T-v (temperature-specific volume) diagram with respect
to the saturation lines, critical point, and relevant constant pressure lines, clearly
indicating the initial and final states.

¢) Using steam tables determine the initial temperature of the steam prior to heating.
d) Using steam tables determine the final volume of the steam after heating

e) Using the ideal gas equation of state determine the final volume of the steam after
heating. Determine the percentage error of using this method compared to that of
using the steam tables.

Solution:

Even if questions a) and b) were not required, this should always be the first priority
item in solving a thermodynamic problem.
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E]
]
&
E | P=200kPa
Teat@200kPa = 1202°C
25°C
V£00kPa specific volume  V2200KPa ) v
=000106m¥kg = 08857mkg

¢) Since state (1) is specified as saturated liquid at 200 kPa, we use the saturated
pressure steam tables to determine that ‘ Ty = Tsa:(200kPa) = 120.2°C ‘

d) From the T-v diagram we determine that state (2) is in the superheated region,
thus we use the superheated steam tables to determine that vy = v(200kPa, 300°C
= 1.3162 m3/kg. Thus Vo = m - vy = (0.5kg) - (1.3162m? /kg) = = 658L
e) We use pv = RT as our base equation. Note that pressure and temperature must
be absolute!

RT 0.4615 kJ/(kg - K) - (300 + 273) K m?
Y v 200 kPa ke

Therefore, Vo = m - vy == (0.5kg) - (1.322m? /kg) = = 661L.

Finally, we calculate error:

true value — estimated value

error =

0.658 — 0.661
— ~ 0.005=10.5
S

true value
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As a side-note, we see the unit ratio kJ/kPa quite often. Expanding these out results in:

k] kN-m

kPa  kN/m2
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2.5 Non-Ideal Gas Behavior

The T-v diagram for water is shown below, with the addition of error that arises from

calculating the pressure through the ideal gas law.

400

350 // ritical Poi
] 330% error

50% error

300

<10% error

200 4

[\
ot
o

150

Temperature [°C]

100 4

50

0 T T T T r
0.001 0.01 0.1 1 10

o m?
Specific Volume [E]
Figure 2.6: T-v diagram, including errors from ideal gas equation of state.

Note that error tends to decrease somewhat as temperature increases, but is much more
affected by specific volume (and therefore pressure). Note that at the critical point the
error is 330%. This non-ideal behavior can be accounted for by a correction factor called

the compressibility factor Z defined as follows:
pv
=ZRT - 7 = — 2.5
pv — RT (2.5)

When the compressibility factor Z approaches 1, the gas behaves as an ideal gas. By
specifying both temperature and pressure, the compressibility factor can be expressed as:

7 — Vactual (26)

Videal

All fluids normalized in this manner exhibit similar non-ideal gas behavior within a few
percent, thus they can all be plotted on a Generalized Compressibility Chart. A number of
these charts are available, however we prefer to use the Lee-Kesler (logarithmic) Compress-

ibility Chart, shown below.
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Lee-Kesler Simple Fluid Compressibility Factor
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Figure 2.7: Compressibility factor for non-ideal gases.

Notice that the compressibility factor is dependent on the reduced pressure and temper-
ature. These are defined as follows:

P T
Tr =
Derit Terit

PR = (2.7)

Different fluids have different values of critical point pressure and temperature data pe,;;
and T+, and these can be determined from the Table of Critical Point Data of Various
Substances in Appendix C.1.

Example 2.4: Correcting the Ideal Gas Law

Carbon Dioxide gas is stored in a 100 liter tank at 6 MPa and 30°C. Determine
the mass of CO3 in the tank based on (a) the ideal gas equation of state, (b) the
generalized compressibility chart, and (c) values obtained from the COs tables of
data. Determine the percentage error in each case.

Solution Approach:

There is only one state here, so there is little to gain by drawing the state diagrams.
Likewise, the T'— v diagram is useful when using tables, but we want to use the ideal
gas law for our calculations.

For COs,, the molar mass is M = 44.01%, which leads to a gas constant of Rco, =

0.1889klg‘;—le. We can use this in the ideal gas equation of state:
R-T 01889 -303 K 3

m
= 0.00954—
6000 kPa 0.0095435

Videal =
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Mass can then be found from the equation V =m - v:

1 m3 .
1000 L

V. 100L
v 0.00954%

Mideal = Mideal = 10.5 kg

To use the compressibility chart, we need to find the critical temperature and pressure
for CO5. This comes from the Table of Critical Point Data of Various Substances
(Appendix C.1): perir = 7.39 MPa, Ty = 304.2 K.

Next, we calculate our reduced temperature and pressure:

P 6 MPa
fg = == 0.81
PR = i~ 7.39 MPa
T  30+273.15K
Tp = = ~ 1.
BT 304.2 K 0

With our reduced pressure and temperature in hand, we go to the compressibility
factor chart. We start at our pressure on the x-axis, shoot a line up until we hit our
desired reduced temperature line, then the y-axis position of that point will be our
Z value.

Lee-Kesler Simple Fluid Compressibility Factor

12
[Py
b T e R i Rl e rrs W T e e
] N s rrr e e A
-
5 08
7]
P T I e . Wi T e e e, - e
g :
E TR i ot e /,
w
w
8 OF vt mmr e
[«R
£ : :
w 02 Carbon Dioxide | 0T
Example
04 - .. i A
03 ................... ;
H i B £ plot by izéi
02 L " ; T e it " TR .
0.05 0.1 0z 03 05 Mo 2 3 5 10
Reduced pressure Pr
Since Z = 0.62, we can use Equation 2.6:
Vcomp m3 1’I13
Z = ——— = Veomp = 0.62-0.00954— = 0.00591—
Videal kg kg
Mass is found the same way as before:
Vv 100 L 1 m3
T v 0005918 1000 L comp &
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Finally, we’ll get the most accurate answer from the CO5 tables:

m3
Vactual = 0.005833@ — \ Mactuar = 17.14kg \

This means that the compressibility chart had an error of about 1% (mostly due
to the inaccuracy of reading charts). The ideal gas law without a compressibility
correction had an error of around 39%)

2.6 Using Software: Google Colab (Python) with Cool-
Prop

As we saw in Section 1.10, Google Colab is a free IDE (integrated development environment)
for Python. Through Colab, you can write Python code, link to countless existing libraries
of code and data, and run the code you write.

Hopefully, you already have a basic understanding of how to use Python for your home-
work. In this section, we will be using a library called CoolProp to determine the properties
of materials, instead of looking up values from tables.

2.6.1 Setup and CoolProp Basics

First off, in order to access the CoolProp library, we need to input the line
!pip install CoolProp

This tells Google Colab that we plan on using the library, and it should expect to link
to it later.

In a separate cell (which is created using the “+ Code” button at the top left), you
should include the following lines:

# Clear all variable definitions

%reset -f

from numpy import * # Import common numerical functions (like sqrt)
from matplotlib.pyplot import * # Import plotting functions (like plot)

import CoolProp.CoolProp as CP # Import CoolProp library

The only new line in these commands in the “import CoolProp” line, which simply links
to the CoolProp library. The phrasing we used means that we need to add “CP.” in front
of any CoolProp commands we end up using. If you want to avoid this, you can type “from
CoolProp.CoolProp import *” instead. In order to match the rest of the example, I would
suggest leaving it as written.

You can now run the two cells by clicking the “play” button that appears at the top left
of each cell. You can also run all of the cells in the script by clicking “Runtime” from the
top menu, then selecting “Run all”.


https://colab.research.google.com
http://www.coolprop.org/
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2.6.2 A Simple Example

At this point, we are ready to build our first bit of code. Let’s start by reworking Example
2.4.
We can calculate the ideal specific volume with the following lines of code:

R = 8.31446 # Universal Gas Constant (in kJ/kgK)

M =44.01 # Molar Mass of CO02

RCO2 = R/M # C02 gas constant

p = 6000 # pressure in kPa

T =30 + 273.16 # Conversion of temperature from Celsius to Kelvin

vIdeal = RCO2 * T / p # Ideal Gas Law solved for v
print('Ideal v = ', vIdeal, 'm~3/kg')

Note that the print statement at the end is needed to see the results:
Ideal v = 0.009545602111641295 m~3/kg

You can use the simpler print(vIdeal) as a shortcut, which will only print the number.
However, with multiple print statements, you can lose track of the meanings of the numbers,
which is I prefer the slightly longer version used above.

2.6.3 Using CoolProp

The general form of the CoolProp function is as follows:

<outputVariable> = CP.PropsSI(<outputType>, <inputlType>, <inputiValue>,
<input2Type>, <input2Value>, <materialName>)

You can see the full list of Types online, or you can use the short list below:

Table 2.1: List of CoolProp Types and Meanings

Type Meaning
'D'  Density [kg/m?]
'H'  Enthalpy [J/kg]
'"P'  Pressure [Pa]
Q' Quality [
'S'  Entropy [J/kgK]
'T'  Temperature [K]
'U'  Internal Energy [J/kg]

Unfortunately, there is no option for specific volume. Instead, we must use the identity
that v = 1/p to switch between density and specific volume. Using this identity, the second
half of Example 2.4 can be recreated using the CoolProp library:

p = 6000%1000 # Conversion of pressure from kPa to Pa

T =30 + 273.16 # Conversion of temperature from Celsius to Kelvin
dActual = CP.PropsSI('D', 'P', p, 'T', T, 'C02')

vActual = 1/dActual

print('Actual v = ', vActual, 'm~3/kg')


http://www.coolprop.org/coolprop/HighLevelAPI.html#table-of-string-inputs-to-propssi-function
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Note the conversion necessary for pressure (from kPa to Pa), as well as the conversion
for temperature (from Celsius to Kelvin). This code has the following output:

Actual v = 0.005833989613407337 m~3/kg

The difference between this result and Example 2.4 stems from the inaccuracy of reading
from a plot.

2.6.4 Exporting from Colab as a PDF

You can create a PDF of your code, including the output, by clicking the “File” menu option
and navigating to “Print” at the bottom.

In the dialog that pops up, choose “Save as PDF” in the Destination drop-down menu,
then click save. The resulting PDF for the work above is shown in Figure 2.8.

1/4/22,11:20 AM Untitled0.ipynb - Colaboratory

!pip install CoolProp

Collecting CoolProp
Downloading CoolProp-6.4.1-cp37-cp37m-manylinuxl x86_64.whl (4.2 MB)
| 4.2 MB 4.2 MB/s
Installing collected packages: CoolProp
Successfully installed CoolProp-6.4.1

# Clear all variable definitions

sreset -f

from numpy import * # Import common numerical functions (like sqrt)
from matplotlib.pyplot import * # Import plotting functions (like plot)

import CoolProp.CoolProp as CP # Import CoolProp library

R = 8.31446 # Universal Gas Constant (in kJ/kgK)

M = 44.01 # Molar Mass of CO2

RCO2 = R/M # CO2 gas constant

p = 6000 # pressure in kPa

T = 30 + 273.16 # Conversion of temperature from Celsius to Kelvin
vIdeal = RCO2 * T / p # Ideal Gas Law solved for v

print('Ideal v = ', vIdeal, 'm"“3/kg')

[» Ideal v = 0.009545073998333714 m"3/kg

# Clear all variable definitions

treset -f

from numpy import * # Import common numerical functions (like sqrt)
from matplotlib.pyplot import * # Import plotting functions (like plot)

import CoolProp.CoolProp as CP # Import CoolProp library

p = 6000%1000 # Conversion of pressure from kPa to Pa

T = 30 + 273.16 # Conversion of temperature from Celsius to Kelvin
dActual = CP.PropsSI('D', 'P', p, 'T', T, 'CO2')

vActual = 1/dActual

print('Actual v = ', vActual, 'm*3/kg")

Actual v = 0.005833989613407337 m"3/kg

https://colab research google com/drive/1 2j0JDrtIP§3Cv4aOe A-BLLSyLw_GRoYj#scrollTo=KsFo4Or_6pPS&printMode=true n”

Figure 2.8: Output from Google Colab saved as a PDF.
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2.7 Summary

In this chapter, we determined the state of matter, which was determined by two indepen-
dent properties, and then used that state to determine any missing properties. As part of
this process, we introduced linear interpolation to find values from the table that are not
explicitly listed. We also considered a number of processes, which are simply the change
between two states.

Finally, we looked at two alternatives to the steam tables: the ideal gas law and software.
The ideal gas law requires a lot more calculation, but can be used when the steam tables are
not available (which is typically the case). Most importantly, a compressibility correction
is necessary for low temperatures and/or high pressures. Software can be used in most
circumstances, but experience in coding is necessary to obtain accurate solutions.
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Chapter 2 Homework:

Question 2.1: How many independent quantities are necessary to fully describe a state
of matter?

Question 2.2: Define the following: phase, state, property, process

Question 2.3: Two kilograms of water at 25°C are placed in a piston cylinder device
under 3.2 MPa pressure. Heat is added to the water at constant pressure until the
temperature of the fluid reaches 350°C (State (2)). Determine the final volume of the
fluid at state (2). [0.08508 m?/kg]

Question 2.4: A piston-cylinder device contains a saturated mixture of steam and water
having a total mass of 0.5 kg at a pressure of 160 kPa and an initial volume of 100 liters.
Heat is then added and the fluid expands at constant pressure until it reaches a saturated
vapor state.

a) Draw a diagram representing the process showing the initial and final states of the
system.

b) Sketch this process on a P-v diagram with respect to the saturation lines, critical
point, and relevant constant temperature lines, clearly indicating the initial and
final states.

c¢) Determine the initial quality and temperature of the fluid mixture prior to heating.
[z1 = 0.182, T} = 113.3°C]

d) Determine the final volume of the steam after heating. [0.546 m? (546 liters)]

Question 2.5: A pressure cooker allows much faster (and more tender) cooking by
maintaining a higher boiling temperature of the water inside. It is well sealed, and steam
can only escape through an opening on the lid, on which sits a metal petcock. When the
pressure overcomes the weight of the petcock, the steam escapes, maintaining a constant
high pressure while the water boils.

Fetcock [mass?)

Assuming that the opening under the petcock has an area of 8 mm?, determine:

a) the mass of the petcock required in order to maintain an operating pressure of 99
kPa gauge. [80.7 g]
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b) the corresponding temperature of the boiling water. [120.2°C]

Note: Assume that the atmospheric pressure is 101 kPa. Draw a free body diagram of
the petcock.

Question 2.6: Consider a rigid container having a volume of 100 liters, filled with steam
at an initial state of 400 kPa and 300°C. The steam is then cooled until it reaches a
temperature of 90°C.

a) Draw a diagram representing the process showing the initial and final states of the
system.

b) Using steam tables determine the mass of steam in the container. [0.153 kg]

c) Using the ideal gas equation of state determine the mass of steam in the container.
[0.151 kg] Determine the percentage error of using this method compared to that
of using the steam tables. [1%)]

d) Sketch this process on a T-v (temperature-specific volume) diagram with respect
to the saturation lines, critical point, and relevant constant pressure lines, clearly
indicating the initial and final states.

e) Using steam tables determine the final pressure and quality of the fluid mixture
after cooling. [70.2 kPa, x = 0.277]

Note: The critical point data and ideal gas constant for steam can be found on the first
page of the steam tables.

Question 2.7: An automobile tire with a volume of 100 liters is inflated to a gauge
pressure of 210 kPa. Determine:

a) the mass of air in the tire if the temperature is 20°C [m = 0.369 kg]

b) the increase in gauge pressure if the temperature in the tire reaches 50°C
[p2,gage =242 kPa]

Assume that atmospheric pressure is 100 kPa.

Question 2.8: Compressed air is commonly used to power a large variety of power tools.
Lowe’s sells an air compressor that can fill an 8-gallon tank to 160 psi. At a temperature
of 7T0°F, determine the mass of the air inside a full 8-gallon tank. Let py¢n,, = 14.7 psi.

a) Use the ideal gas law (you will need to do a lot of unit conversions for this).
[0.429 kg]

b) Find the compressibility factor. How far off is your analysis above? [0.99]



Chapter 3

The First Law for Closed
Systems

3.1 Introducing the First Law

The First Law of Thermodynamics states that energy is conserved (i.e. neither created
nor destroyed). As we discussed in Section 1.4, we can consider many types of energy
(potential, kinetic, chemical, nuclear, and internal), but most of those are either small
compared to internal (such as potential and kinetic) or outside the scope of this class (nuclear
and chemical).

Energy can be transferred between the system and the surroundings in the form of heat
and work, resulting in a change of internal energy of the system. Internal energy change
can be considered as a measure of molecular activity associated with change of phase or
temperature of the system.

The statement of the first law for closed systems reflects that we are primarily interested
in the internal energy (U), heat transfer (@), and work (W).

Q-W =AU (3.1)

H Work (W)

Internal Energy
AU Surroundings

Heat (Q) \l*

Figure 3.1: A closed system with heat transfer and work.

System

We can also write the first law by reducing each value to their mass-specific counter-
parts. Thus, @ becomes mgq, where ¢ is the mass-specific heat transfer. W becomes mw,

39



40 CHAPTER 3. THE FIRST LAW FOR CLOSED SYSTEMS

where w is the mass-specific work. U becomes mu, where u is the mass-specific internal en-
ergy. As a general rule, a capital variable refers to the extensive value, while the lower-case
variable refers to an intensive value (mass is the biggest exception).

After we divide through by mass (m), the first law therefore becomes:

qg—w=Au

3.1.1 Heat Transfer (Q)

Energy transferred across the boundary of a system in the form of heat always results from a
difference in temperature between the system and its immediate surroundings. Heat transfer
can occur through conduction, convection, or radiation.

Conduction is the transfer of heat through direct contact. When you touch an object
hotter than your skin (a stove top, food heated in the oven, etc.), energy moves from the
hot object to your colder skin. The same occurs in reverse when you touch an object colder
than your skin. You typically perceive the movement of heat (not the temperature of the
object itself).

Convection is the transfer of heat through contact with a moving fluid, such as air
or water. Still air typically feels warmer than moving air (even when both are the same
temperature) because the rate of heat transfer is higher. This leads to the concept of “wind
chill” in North America, the “apparent temperature” in Australia, among others. These
models attempt to show how windy days feel colder than a thermometer reading would
indicate. The wind chill is calibrated so that the rate of heat transfer is the same between a
person walking in the windy weather and on a still day at the wind chill temperature. The
increased heat transfer from convection is also why fans can make a room feel cooler, even
if they don’t decrease the temperature.

Radiation is the transfer of heat through the absorption of light. Photons are emitted
from all substances above absolute zero, and these photons carry energy. You feel the heat
of a fire not through contact with the superheated air, but because the air is hot enough
to emit a significant amount of light in the infrared and visible spectrums, which is then
absorbed by your skin. Likewise, you can feel the heat of the sun because the photons are
able to travel through the vacuum of space.

The calculation of heat transfer due to temperature differences is left for a later class.
In this book, the quantity of heat transferred during any process will either be specified as
part of the problem or evaluated as the unknown of the energy equation.

By convention, heat is that transferred into the system from the surroundings
is considered positive. Positive heat transfer results in an increase in internal energy of
the system.

Heat transfer is path-dependent and not a property. It is dependent on the process
path between the initial and final states.

Recall in Section 1.9 that we introduced some commonly used processes:

o Isothermal (constant temperature process)
o Isochoric or isometric (constant volume process)
o Isobaric (constant pressure process)

o Adiabatic (no heat flow to or from the system during the process)


https://en.wikipedia.org/wiki/Wind_chill
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3.1.2 Work (W)

In this course we are primarily concerned with boundary work due to compression or ex-
pansion of a system in a piston-cylinder device as shown above. In all cases we assume a per-
fect seal (no mass flow in or out of the system), no loss due to friction, and quasi-equilibrium
processes in that for each incremental movement of the piston equilibrium conditions are
maintained.

By convention positive work is that done by the system on the surroundings, and negative
work is that done by the surroundings on the system. Since negative work results in an
increase in internal energy of the system, this explains the negative sign in Equation 3.1.

Boundary work is evaluated by integrating the force F' multiplied by the incremental
distance moved dz between an initial state (1) to a final state (2). We normally deal with
a piston-cylinder device, thus the force can be replaced by the piston area A multiplied by
the pressure p, allowing us to replace A dz by the change in volume dV, as follows:

2 2 2 2
W1_2:/ Fdz:z/ pAdmz/ pdV:m/ pdv (3.2)
1 1 1 1

Figure 3.2 provides an example of a piston being compressed. However, until the process
path is specified, it is impossible to know how much work is associated with the compression.
This is seen in the figure as each process has a different area under the curve, which is directly
related to the integral in Equation 3.2. In other words, work done is path-dependent and
not a property, exactly like heat transfer.

b2 b1
() U1
B —
U9 Process 1-2 U1
State 2 State 1

V2
W =m / p dv = mass - Area under curve

V1

Pot-- e —————— - - - - -

[
Process A |
[
[
[
[

Process B

Pi{---giE s ‘

Figure 3.2: The state of a piston plotted as air is compressed. Multiple paths can be taken
to connect the same two states. Processes A, B, and C will have different amounts of work
and heat transfer associated with them.
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We note that work done by the system on the surroundings (expansion process) is posi-
tive, and that done on the system by the surroundings (compression process) is negative.

Finally, shaft work (due to a paddle wheel) and electrical work (due to a voltage
applied to an electrical resistor or motor driving a paddle wheel) will always be negative
(work done on the system). Positive forms of shaft work, such as that due to a turbine, will
be considered in Chapter 4 when we discuss open systems.

3.1.3 Internal Energy (AU)

The third component of Equation 3.1 is the change of internal energy. Recall from Section
1.4.3 that internal energy is closely tied to the temperature of a substance. In fact, specific
internal energy is a property of the system, like temperature and pressure. From the State
Postulate, we can find the internal energy of a state as long as we know at least two other
properties.

Often, we prefer to use the mass-specific form of internal energy, which is related to the
internal energy in our system as follows:

u = v - Au= AU
m m
Internal energy can be determined from the steam tables in Appendix A or the R134a
tables in Appendix B. Heat transfer and work cannot be found from tables because they are
not a property of a state, but rather a description of how a process moves between states.
Example 3.1 makes use of the First Law to calculate the heat transfer for a constant

pressure process.

Example 3.1: Constant Pressure Expansion Revisited

Recall Example 2.2 in which we presented a constant pressure process. We wish
to extend the problem to include the energy interactions of the process, hence we
restate it as follows:

Two kilograms of water at 25°C are placed in a piston cylinder device under 3.2 MPa
pressure as shown in the diagram (State (1)). Heat is added to the water at constant
pressure until the temperature of the steam reaches 350°C (State (2)).

Determine the work done by the fluid (W) and heat transferred to the fluid (Q)
during this process.

Solution Approach We first draw the diagram of the process including all the
relevant data as follows:

@ What? steam => use tables
P =P Mass? m = 2kg
—_—
| find W, QQ | Enerey? Q- W=mhAu
W=m[P.dv
2 s water Entropy? later (Chapter 6)

Heat(Q i5s5°c

Notice the four questions to the right of the diagram, which we should always ask
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What?

before attempting to solve any thermodynamic problem.

What are we dealing with - liquid? pure fluid, such as steam or refrigerant?
ideal gas? In this case it is steam, thus we will use the steam tables to determine
the various properties at the various states.

Mass?

Is the mass or volume given? If so we will specify and evaluate the energy
equation in kiloJoules rather than specific quantities (kJ/kg).

Energy?

The energy equation will almost always be our starting point for working
through these problems.

Entropy?

What about entropy? Not so fast - wait until Chapter 6.

P
Fer

crifical
‘ point

22MPa
l6.5MPa

Vs

Ter

Pressure

150°C

Quality Region

Since work involves the integral of p - dv we find it convenient to sketch the p-v
diagram of the problem as follows:

Supetheat Eegion

3IMPa

32kPa|

S

specific volume v

Uy = Uf 25°C = 104.8 [

V1 = VUf, 25°C = 0.001 |:

fo-
W

Notice on the p-v diagram how we determine the specific work done as the area
under the process curve. We also notice that in the compressed liquid region the
constant temperature line is essentially vertical.
State (1) (compressed liquid at 25°C) can be determined from the saturated liquid
table values at 25°C.

Thus all the property values at

-

kJ ]
g

m?

kg
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Superheat Vapor Tables @ 350°C

30 32 35 MPa
v | 00906 00768 |m3/kg
u| 28444 28360 |klks

ApA A’UA 3.2-3.0 - Vg — 0.0906

= — = =04
Ap,  Avy  35-30  0.0768 — 0.0906
_ o085
Vg = U. kg

Apa  Aug o 32-30  up—28444
Ap,  Auy,  35-3.0 2836.0 —2844.4

k
Us = 28411?;

Now we use Av to define our work:

3
W=m [ pdo=m-p-Av =20 kg- 3200 kPa - (0.085 — 0.001) f—g

W =538 klJ
Then, with work and AU, we can find our heat transfer:
AU=Q-W-=>0Q=m-(ug—u)+W

kJ
Q =2.0 kg - (2841 — 104.8) ot 538 kJ

Q = 6010 kJ

3.2 Enthalpy (h)- A New Property

In the case studies that follow we find that one of the major applications of the closed system
energy equation is in heat engine processes in which the system is approximated by an ideal
gas, thus we will develop relations to determine the internal energy for an ideal gas. We will
find also that a new property called enthalpy will be useful both for closed systems and in
particular for open systems, such as the components of steam power plants or refrigeration
systems. Enthalpy is not a fundamental property. Instead, it is a combination of properties
and is defined as follows:

h=u+p-v OR H=U+p-V (3.3)

As with other properties, the lowercase h refers to the mass specific property and is measured

in }ﬁ—g, whereas the capital H is an extensive property and is measured in kJ.
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Enthalpy shows its use whenever applied to a constant pressure process, such as Example
3.1. For these processes, work can be defined as w = p-Av, meaning that the energy equation
can be written as:

Au=q—pAv
ug —up =q—p(v2 — 1)

(uz +pv2) — (w1 +pv1) =¢q

This means that we can look up enthalpy directly to find heat transfer for constant
pressure processes.

3.3 Specific Heats
For solids and liquids, we can define a relatively simple equation:
Q = mcAT OR g =cAT (3.4)

The variable c¢ is called the specific heat, and is a relationship between the amount of
heat added to a material and the temperature increase we expect. This is often discussed
in chemistry alongside devices known as calorimeters.

3.3.1 Constant Volume

In this section, we will expand the concept of specific heat to gases. To start, let’s consider
u as a function of T and v:

u=u(T,v)
Using the concept of the total differential from Calculus, we can write:
ou Ju
du = —dT' + —d
YT ar + a0

Since a partial derivative only considers change from a single variable, and we assumed
that u was a function only of T" and v, Ou/0T is the same as saying “the change of u with
respect to T when v is constant”.

However, we could have written v as a function of any two independent properties, so
to specify exactly which one, we’ll add the property that stays constant as a subscript:

o [du
or — |dT],
Writing du again, we get:
du [du
du=|—| dI'+ |—| d 3.5
! |:dT:|'U - _dv:|T ! ( )

Now, let’s write the energy equation in differential form. Recall that w = pAwv, which
can be written in differential form as dw = p dv.

0q—ow=du — dq—pdv=du (3.6)
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We used dq and dw because ¢ and w are not properties, and therefore not integrable in
the same way as v and u.
Combining Equations 3.5 and 3.6, we get:

du [ du
0g=|—| dT — d
o= o (8], +7)
All of this leads to a huge simplification for constant-volume processes. If dv = 0, we
get the following;:
du ]

g = [dT— T (3.7)

v

Equation 3.7 is simply the differential form of Equation 3.4! In fact, [%L) is simply the

constant volume specific heat, c,.

3.3.2 Constant Pressure

Now we could have started this discussion by defining h as a function of 7" and p.

h=h(T,p)
That would result in: " h
= | — T B .
dh [dTLd + [dp]po (3.8)

We know that the second half will eventually fall off when we think about constant pressure
systems.
Let’s expand dh, using our definition of h = u 4 pv. In order to do so, we need to
remember the Product Rule from Calculus: (fg) = f'g+¢'f
dh = d(u + pv) = du + d(pv)
dh =du+pdv+vdp (3.9)

Now, we can replace du with d¢ — p dv, based on Equation 3.6:
dh = (0g —pdv)+pdv+vdp
dh =déq+vdp

Next, we plug our result into Equation 3.8:

dh dh

0qg+vdp = {dT] dTl + {dp} dp
P T

dh dh
0q = {] dT + <[} 11) dp
dr], dp |,
Finally, we implement the constant pressure assumption, which sets dp = 0:

dh
5q = [dTLdT (3.10)

Again, with Equation 3.10, we can state that [%]p is the constant pressure specific
heat, c,.
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3.3.3 Ideal Gases

Now, consider u and h for ideal gases. We state without proof that for an ideal gas, internal
energy depends on temperature alone. In other words, v and ¢, are purely functions of
temperature.

With v = u(T') and pv = RT', we can write:

h=u+pv=u(T)+ RT

This means that h is also only a function of temperature! In fact, by evaluating dh/dT,

we can say:
dh  du
—=—+4+R — c¢,=c+R 3.11
ar — dT " Pt (3.11)
Because both ¢, and ¢, are only functions of temperature, we can drastically reduce the
amount of information needed for the tables. A single table (Appendix C.2) is sufficient
for all ideal gas properties. In fact, we can even assume a constant specific heat and retain

good accuracy, as long as the specific heat is evaluate at the average temperature, Tgq.

Au = ¢y (Tawg) - AT Ah = cp(Tawg) - AT (3.12)

Example 3.2: Ideal Gas u and h

Air at 300 K undergoes a process in which heat is added at constant pressure. Con-
sider processes that end at 900 K, 1200 K, and 1500 K. Determine the heat added
using a) ¢,(Tavg) and b) the enthalpies given in the table.

Solution Approach Since the process occurs at constant pressure, we know that
the heat added is simply the difference in enthalpy:

Q=hy—M
If we assume constant specific heat, we can also say that:
Q=0c (T -T)

a) We first need to find the ¢, at the average process temperatures.

15 Tavg Cp(Tavg)
900 K 600 K 1.0509 kJ/kgK
1200 K 750 K 1.0866 kJ/kgK
1500 K 900 K 1.1208 kJ/kgK

Note that we needed to use linear interpolation in order to find the ¢, at 750
K.

With the ¢, values in hand, we can find Q:

T AT cp(Tang) Q
900 K 600 K 1.0509 kJ/kgK  630.54 kJ/kg
1200 K 900 K  1.0866 kJ/kgK  977.94 kJ/kg
1500 K 1200 K 1.1208 kJ/kgK  1344.96 kJ/kg
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The rightmost column above is our desired result.

b) The second method requires us to find the enthalpies directly. The enthalpy of
air at 300 K is 426.53 kJ/kg. The enthalpies at the end of the process, along
with the resulting heat transfers, are given below:

Ty ho Q
900 K 1059.36 kJ/kg  632.83 kJ/kg
1200 K 1404.14 kJ/kg  977.61 kJ/kg
1500 K 1762.29 kJ/kg 1335.76 kJ/kg

Again, the rightmost column is our desired result.

Comparing the two methods, we can find the percent error through the formula:

err = % x 100%

Finally, we see the errors below:

TS Error
900 K -0.36%
1200 K 0.034%
1500 K 0.69%

In all three cases, we see less than 1% error, meaning that the average ¢, method is
very accurate for air.




3.4. STIRLING CYCLE ENGINE 49

3.4 Stirling Cycle Engine

Conceptually, the Stirling engine, invented by Robert Stirling, is the simplest of all heat
engines. It has no valves, and includes an externally heated space and an externally cooled
space.

In its original form the working gas (typically air or helium) is sealed within a single
cylinder by the piston and shuttled between the hot and cold spaces by a displacer, as seen
in Figure 3.3. The linkage driving the piston and displacer will move them such that the
gas will compress while it is mainly in the cool compression space and expand while in the
hot expansion space. This is clearly illustrated in this animation which was produced by
Richard Wheeler (Zephyris) of Wikipedia.

Th
Ty
Displacer Displacer Displacer
Displacer
Regeneration
Matrix i
Displacer
Piston Piston

Piston Piston

| L

State 1 State 2 State 3 State 4 State 1

.

Figure 3.3: The states of the Stirling engine cycle.

Refer also to the animation produced by Matt Keveney in his Stirling engine anima-
tion website. Since the gas is at a higher temperature, and therefore pressure, during its
expansion than during its compression, more power is produced during expansion than is
reabsorbed during compression, and this net excess power is the useful output of the engine.
Note that there are no valves or intermittent combustion, which is the major source of noise
in an internal combustion engine. The same working gas is used over and over again, making
the Stirling engine a sealed, closed cycle system. All that is added to the system is steady
high temperature heat, and all that is removed from the system is low temperature (waste)
heat and mechanical power.

Please note that the following analysis of Stirling cycle engines is ideal, and is intended
only as an example of First Law Analysis of closed systems. In the real world we cannot
expect actual machines to perform any better than 40 - 50% of the ideal machine.

The four states of the Stirling engine are summarized in Figure 3.3 and Figure 3.4. Note
specifically the motion of both the piston and the displacer. The movement of the piston
correlates to the compression or expansion of the fluid, while the action of the displacer is
to move the fluid between the hot and cold regions, thereby heating or cooling the fluid.


https://en.wikipedia.org/wiki/Stirling_engine#/media/File:Stirling_Animation.gif
http://animatedengines.com/stirling.html
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In essence, the ideal Stirling engine undergoes four distinct processes, each of which can
be analyzed separately: isothermal compression at T¢, constant volume heating at v,
isothermal expansion at Ty, and constant volume cooling (or heat rejection) at vyqz-

P31 3
T

Constant =

Volume

Heating
p2 ¢
= 4
e 'l

Umin Umax

Figure 3.4: The states of the Stirling engine cycle.

3.4.1 Process 1—2 — Isothermal Compression

We start our analysis at State 1, which is the coolest and least compressed point of the
cycle.

Displacer Displacer Displacer P31
Vmin
W12 = / pdv
v'maz
JZIRN
Piston D4
Piston P1 1
State 1 Process 1-2 State 2

Figure 3.5: The compression process of the Stirling Engine.
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Figure 3.5 shows the compression from State 1 to State 2. In process 1-2, the gas is
compressed by the piston while the displacer is at the top of the cylinder. Thus during
this process the gas is cooled in order to maintain a constant temperature 7. Note that
without cooling, the work added by compression would increase the internal energy, and by
extension temperature.

The work W7_5 required to compress the gas is shown as the area under the p-V curve,
and is evaluated as follows, using the ideal gas law with the constant temperature during

compression to say p = Rvi.

v v2 d
Wi = / pdv = RTC/ 7” = RTc-In (”2) (3.13)

V1 V1 Ul

Another consequence of the constant temperature is that the internal energy of the gas
will also stay unchanged.

0
Q12— w12 =LAur—3’ — 12 =wWi-2 (3.14)

3.4.2 Process 2—3 — Constant Volume Heating

After compression, the displacer piston pushes the air from the cold region to the hot region,
warming it up as it moves through the regeneration matrix.

Additional

Displacer “ Displacer

¢ | | Displacer

Qg from
regen. matrix
to gas
Piston Piston Piston
State 2 Process 2-3 State 3

Figure 3.6: The heating process of the Stirling Engine.

Figure 3.6 shows the movement of the displacer down into the cold region. This in turn
drives the air through the regenerator into the hot region. The end result of this is that the
air is significantly heated and ends up at T'y.
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Importantly, there is no compression or expansion in Process 2-3. This means no work
is done between the two states, greatly simplifying our analysis:

Aus_3 = qo—3 —MO = @3 =¢,(Tu —Tc) (3.15)

3.4.3 Process 3—4 — Isothermal Expansion

After the air is displaced, the hot air expands, forcing back the piston. Once again, this
process is isothermal, but this time at a temperature T.

Figure 3.7 shows Process 3-4, the expansion of the air at constant temperature. The
analysis mirrors that of Process 1-2.

TH Q3—4
. — Ty
Ty
LI
Displacer Vmaz
w = dv
Displacer 34 /v P
¢ Displacer Dol
Piston Pad L T 4
Piston
i 2 D1
¢ ¢ Piston Umin Umaz
W3-4 U
State 3 Process 3-4 State 4

Figure 3.7: The expansion process of the Stirling Engine.

v3 U3 U3

Fortunately, because Processes 2-3 and 4-1 are isometric (constant volume), we can make
the replacements v3 — v9 and v4 — v; in Equation 3.16:

T
w3—4 = RTy - In (?) =P, (3.17)
2



3.4. STIRLING CYCLE ENGINE 53

3.4.4 Process 4—1 — Constant Volume Cooling

Finally, Process 4-1 (shown in Figure 3.8) is essentially Process 2-3 in reverse (though with
a larger volume). The gas loses its heat to the regenerator matrix and is cooled back to T¢.

Qg from
regen. matrix
togas

Additional
Q4_'| fOI'
non-ideal case|

State 4 State 1 State 1

Figure 3.8: The cooling process of the Stirling Engine.

Again, the heat transfer is purely based on the change in temperature, as there is no
work involved: g4—1 = —c,(Ty — Tc). The sign is opposite of that for ¢a_3 since we are
cooling, rather than heating.

3.4.5 Ideal Stirling Cycle Analysis

For cycles, it is often helpful to write out the energy equation in tabular format, as shown
in Table 3.1.

Table 3.1: Tabular Representation of Energy Equation for Stirling Cycle

Au q w
Process 1-2 0 —RTc -1In (:j,—;) —RT¢ -In (Z_;)
Process 2-3 | ¢,(Tw — Tc) co(Tg —Tc) 0
Process 3-4 0 RTp - 1In (2—;) RTy -In (Z_;)
Process 4-1 | —c,(Ty — 1) —c(Ty — Tc) 0
Total (net) 0 R(Tyg —Tc) - In (%) R(Ty —T¢) -In (%)
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We expect that Au for a cycle is always zero, as the cycle starts and ends at the same
point. This implies in turn that gpet = wpet, which is exactly what we see in Table 3.1. In
fact, the purpose of the Stirling engine is to turn the net heat transfer into work. The heat
transfer to and from the regenerator doesn’t come into play, as the heat transfer in Process
2-3 perfectly cancels with the heat transfer in Process 4-1. The total work done (and the
total heat added to the system) can be simplified to:

net = Wnet = RAT - hl(?“) (318)

where AT is the difference between the hot and cold temperatures and r is the com-
pression ratio, defined as:
— Umax — Vmax (3.19)

Umin Vmin

We can also define the thermal efficiency as the ratio between the input heat and the net
work. This efficiency is a picture of how much work we can get out of an engine based on
the amount of fuel we burn.

Wnet o Wnet o RAT - ln(r)

Theh = Gin  q3—a  RTw- In(r)
AT To
Nth To To ( )

Equation 3.20 is the maximum theoretical efficiency achievable from a heat engine, and
is typically referred to as the Carnot efficiency.

3.4.6 Stirling Engines without Regeneration

Note that the ideal case assumes that the regenerator is able to fully heat/cool the air in
Processes 2-3 and 4-1. If this is not the case (or if there is no regenerator present), then the
extra heat QQ2_3 must be provided by the heater, which will reduce the efficiency. In the
case of no regenerator, the efficiency becomes:

Whet RAT -In(r)

= din + q2-3 B (RTy - In(r) + ¢, AT)

This is a little difficult to draw conclusions from, but let’s look at a sample case with
air as the working fluid (¢, = 2.5R), Tc = 300 K, Ty = 600 K, and » = 1.3. That gives
us an ideal thermal efficiency of 7p regen = 0.5 with the regenerator, and an ideal thermal
efficiency of 1n no regen = 0.097! Having a regenerator is hugely important!

Another important note is that even with a regenerator, the practical Stirling cycle
has many losses associated with it and does not really involve isothermal processes, nor
ideal regeneration. Furthermore, Stirling cycle machines do not typically start and stop the
pistons perfectly, meaning that the p-V diagram has a more oval shape, rather than the
sharp edges defined in the above diagrams. Nevertheless we use the ideal Stirling cycle to
get an initial understanding and appreciation of the cycle performance.



3.4. STIRLING CYCLE ENGINE %)

Example 3.3: Stirling Cycle Engine/Generator

This exercise concerns the ideal performance of the Microgen 1050 Watt engine which
is gas fired and was designed to generate electricity (1kWe) as well as to provide hot
water for a private home. This engine has a similar configuration to the Stirling
engine discussed in Section 3.4. (Note that the values presented here are not actual
values of the Microgen Engine, however were devised by your instructor for purposes
of this exercise only).

The working fluid is helium, which has an gas constant R = 2.077 kJ/kg K, and
constant volume specific heat ¢, = 3.116 kJ/kg K. (refer: Ideal Gas Properties).
State (1) is defined at a maximum volume of 650 cm® and a pressure of 10 bar, and
State (2) is defined at a minimum volume of 550 cm3. Process 1-2 is isothermal
compression at T = 50°C, Process 2-3 is isometric heating, using a regenerator to
source the heat. Process 3-4 is isothermal expansion at Ty = 500°C, and Process
4-1 is isometric cooling, again using the regenerator as a heat sink.

a) From the given conditions at state 1 determine the mass of working gas (helium)
used in the cycle.

b) Determine the net work done per cycle (kiloJoules): Weyp + Weomp (Note that
the compression work Weon, is always negative). At a frequency of 50 Hertz
(cycles per second) determine the power output produced by the engine.

¢) Determine the heat absorbed in the expansion space @, during the expansion
process (3)-(4).

d) Evaluate the Thermal Efficiency ny,, defined as: my, = (Wewp + Weomp)/Qin-
(Net mechanical work done divided by the heat supplied externally by the gas
burner).

e) Determine the amount of thermal power rejected to the cooling water. Note
that at a temperature of 50°C this is suitable for providing hot water for the
home, as well as providing home space heating capability.

f) Determine the amount of heat transferred to the working fluid Qg as it passes
through the regenerator during process (2)-(3). If this heat were to be supplied
externally by the gas burner, (i.e. no regenerator) what would be the new value
of thermal efficiency 71,7

Solution Approach
a) We can find the mass through the ideal gas law, letting 1 cm?® = 1 x 10~%m3:

RT
p1vy = RT — v = —L
P1
v 2.077 kJ/kgK - 323.15 K
1 =

1000 kPa
0y = 0.6712 m* kg

Vi ~ 6.5x107* m?

=1 N =" _— —968x107*k
vt "= 0.6712 m kg % &

3
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b) The net work comes from Equation 3.18:

V;
Whet = mR (Ty — Te) In (1>
Vs
kJ 650 cm3
Wet = (0.968 g) (2.077kgK) (450 K) In <W> — | Waet = 0.151 kJ |

We can convert from work to power by multiplying by the frequency (units of
Hz are the same as 1/s):

. 1 .
Waet = Wae - = 0.151 kJ - 50~ — Wt = 7.55 kW |

¢) The heat absorbed in the expansion space can be calculated from Equation
3.16, recognizing that the constant-temperature process results in no change in
internal energy:
Vy

We:vp = Qezp = mRTH In ()
Vs

650 cm?
550 cm3

k
Qeap = (0.968 g) <2.077kgi<> (773.15 K) In ( > — | Qeap = 0.260 kJ

This is equivalent to Qemp =13.0 kJ |

d) We can find the thermal efficiency from the results of the previous two parts:

Woee 0151 kJ —
M=o - T oae0k) T 1= 08%

e) The heat rejected to the cooling water can be calculated directly as in part c),
or by recognizing that Q;, — Qout = Whet-

Qout = Qin — Wher = 0.260 kJ — 0.151 kJ  — \ Qout = 0.109 kJ \

f) The regenerator transfers enough heat to change the temperature of the helium
from 50°C to 500°C. This heat can be calculated through the definition of the
¢y, as in Equation 3.15:

k
Qr = me, AT = (0.968 g) (3.1161{;) (450K) — |Qr=136kJ

Adding the regenerator heat transfer to the heat supplied to the gas burner
allows us to find the new thermal efficiency:

Wnet 0151 kJ
= = —93
T O+ On  0260kI 4135k

This value is in line with the efficiency calculated in the previous section.
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3.5 Stirling Cycle Cooling

One important aspect of Stirling cycle machines that we need to consider is that the cycle
can be reversed - if we put net work into the cycle then it can be used to pump heat
from a low temperature source to a high temperature sink. This results in a very compact
refrigerator, which can reach very low temperatures. This technology has been used in a
few specific instances, primarily in ultra-low-temperature freezers for biomedical uses. The
cycle used in standard air conditioning units is discussed in Section 4.6.

Figure 3.9: The M100B Stirling Cooler from Global Cooling (now Stirling Ultracold).

Figure 3.9 shows an example of a Stirling Cooler. Power is provided through the small
electrical cord, while ice crystals can be seen forming on the left-hand side of the cooler.
Refer to the schematic in Figure 3.10 to identify the various parts of the cooler.

displacer spring
cold ambient BAm Srng
BXpansion space COIMPIESSION Space p

Helium gas
(20 ar)

copper bands

linear electric motor
MI00E Stuling Cooler Schematie

balance spring-mass

Figure 3.10: Schematic of M100B Stirling Cooler from Global Cooling.


https://www.stirlingultracold.com
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Figure 3.11 shows the cycle used by the Stirling Cooler. Heat is rejected to the environ-
ment (Qp) in Process 1-2, rejected to the regenerator (Qg) in Process 2-3, absorbed from
the refrigerated space (Q¢) in Process 3-4, and finally absorbed from the regenerator (Qg)
in Process 4-1. More work is required to drive Process 1-2 than is regained in Process 3-4,
meaning that the net work for this cycle is negative. In other words, work is required to
move heat from the cold side to the hot side.

P27 2
Ty
Constant
Volume
Cooling
ps7 ¢ 3
N g
i Constant R
e i ‘
1 :

Vo v
Umin Umaa

Figure 3.11: p-v diagram of the Stirling Cooling Cycle.

Cooling cycles do not use the thermal efficiency as an indicator of performance. Following
the general idea that “efficiency” is “what we get out”/”what we put in”, the efficiency of a
cooling cycle is defined at the Coefficient of Performance for a refrigeration cycle, COPg:

Qin
Wnet

COPgr =

The heat absorbed, g;,, is the benefit we get from the cooling cycle, as we are seeking
to remove heat from a refrigerated space. The net work, wpe;, is what we have to pay to
get that benefit, as we are doing work on the cycle.

Conversely, if we chose to think of this cycle as a way to add heat to a heated space, we
would arrive at the Coefficient of Performance for a heat pump cycle, CO Py p:

COPHP — out

Wnet

In this case, the heat rejected to the heated space is the benefit from the cycle, which
leads to a change in our “efficiency” calculations.
Example 3.4 investigates the Stirling cooling cycle in more detail.
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Example 3.4: Stirling Cycle Cooling

A Stirling cooling cycle is defined as follows:
e Compression occurs at a constant temperature of Ty = 30°C.
e Expansion occurs at a constant temperature of T = -20°C.
e The maximum volume is 35 cm?
e The minimum volume is 30 cm?
e The pressure immediately before compression is 1.9 MPa.

e The working fluid is helium, which has an gas constant R = 2.077 kJ/kg K,
and constant volume specific heat C,, = 3.116 kJ/kg K.

a) Determine the heat absorbed in the expansion stroke (Joules). Determine also
the heat power absorbed (Watts). Note that the cycle frequency is the line
frequency (f = 60 Hz).

b) Determine the net work done per cycle (Joules): Wyet = Weomp + Weap (Note
that the compression work Weom, is always negative). Determine also the
power supplied to the linear electric motor (Watts).

c¢) Evaluate the Coeflicient of Performance of the refrigerator defined as: COPg =
Qc/Whet. (heat absorbed in the expansion space divided by the net work
done).

d) Determine the amount of heat rejected by the working fluid Qg as it passes
through the regenerator matrix during constant volume cooling.

e) If there were no regenerator present then this heat would need to be removed
from the gas by the expansion process in order to reduce the temperature to
the cold temperature of the freezer. How would this affect the performance of
the cooler? Discuss the importance of an effective regenerator in the Stirling
cycle cooler.

Solution Approach

First off, let’s find the mass of the working fluid.

For the first state, pressure and temperature are both defined, as is the total volume.
This is sufficient for us to find the mass of the working fluid. As part of the process,
we need to convert 35 cm?® to 3.5 x 10~°m?.

RT:
pP1v1 = RTl — == it
4!
. _ 2077 ki/kgK - 303.15 K
1 =

1900 kPa
o = 0.3314 m® kg

4 - 35x107° m?

-t - = —1.056x10"%*k
v "= 0.3314 mS kg % &

3
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a) Once we have the mass, we can use Table 3.1 for the analysis, except we need
to replace To with Ty and vice-versa. The heat transfer is therefore:

Qeap = mRTcIn (”) — mRTon (V4>

U3 Vg
kJ 35 cm?
Qt?:vp == (01056 g) (20771%) (25315 K) In <3OCH13> — Q = 8.56 J

We can get to heat power absorbed simply by multiplying by the frequency of
60 Hz.

Qezp=Q - f=8.56J- 60g = | Qexp =513.6 W

b) The net work can be obtained from Equation 3.18, again with T and Ty
switched.

i

Wnet =mR (TC — TH) In <>
Vs

kJ 35 cm3
WnEt = (01056 g) (20771«51{> (50 K) In (30CH13> — ‘ Wnet =-1.69J

Note that the work done is negative, indicating that work is performed on the
cycle, rather than provided by it.

We can again find the power by multiplying by f. This becomes
\ Wet = =101 W \

¢) The Coefficient of Performance is easily determined from the two previous

results. 0 8.56
C .
P = M/ T 1607
CcoO R . 169 J — coO R 5.07

d) The heat absorbed/rejected by the regeneration matrix can be found from
Equation 3.15.

kJ
Qr = mc, AT = (0.1056 g) (3.1161@(> (50K) — |Qr=16.45J
This equates to | Qr = 988 W |.

e) Without regeneration, we would expect a drastically lower COPpg value. It’s
difficult to see exactly how this comes about, as there is no easy mechanism
through which we can compensate for the lack of a regenerator (like we simply
added more heat in the Stirling engine).
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3.6 Ideal Gas Adiabatic Processes

The next two cycles both rely heavily on adiabatic processes. In order to discuss those
cycles, we will look closer at adiabatic processes for an ideal gas.

Adiabatic processes are simply processes without heat transfer. This means that the
change in internal energy is purely due to the work done.

0
;itj(f&uzdu

Substituting dw = p dV and du = ¢,dT gives us:

—pdv = c,dT
With pv = RT', we calculate:
RT RT dT d
S dv=cdT o cdT+-—dv=0 — ¢, +RY =0
v v T v
Now we integrate:
2
dT dv
(e R— | =0
[ (=7 en )
Todr (v d
/ Coe / R =0
Tl T V1 v
eln 2 4 R %2 — 0
T1 V1
Rearranging slightly gives us:
T2 R (%)
In—==——1In— 3.21
. T Cy . U1 ( )
Remembering that e¢'"® = ¢, we can arrive at:
_R
T2 _ Vo ‘v
T1 o U1
Now, we can define the ratio of specific heats, :
Cp
== 3.22
= (3.22)

With the definition of vy, we can use Equation 3.11 to define both ¢, and ¢, with respect
to v and R. This is done as follows:

cp=c¢Cy + R
Yoy = ¢y + R
(v-1Dew=R
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¢, =——R 3.23
5 (3.23)

- T R (3.24)

Using Equation 3.23 with Equation 3.21 allows us a relationship between the temperature
ratios and the volume ratios based only on ~:

T _ (1’2) o (3.25)

T V1

Going back to the ideal gas law:

Pavs _ RT,
mo1 R
Substituting the temperature ratio with Equation 3.25 gives us:

p2va _ <U2>(71) _ (Ul)(vl)
P11 U1 Vo
- v
P2 _ (“2) _ (“) (3.26)
n V1 ()
Substituting the volume ratio instead gives us:
1
p1 \T1 Ty
P2

T\ 77
= —_— 3.27
p1 <T1> (3:27)

Equations 3.25, 3.26, and 3.27 are collectively known as the isentropic relations for an
ideal gas. Isentropic means constant entropy, which will be discussed further in Chapter
6.
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3.7 Air-standard Otto Cycle

The Air Standard Otto cycle is the ideal cycle for Spark-Ignition (SI) internal combustion
engines, first proposed by Nikolaus Otto over 130 years ago, and which is currently used
most motor vehicles. The following link by the Kruse Technology Partnership presents a
description of the four-stroke Otto cycle operation including a short history of Nikolaus
Otto. Once again we have excellent animations produced by Matt Keveney presenting the
operation for both the four-stroke and the two-stroke spark-ignition internal combustion
engines.

Ignition
Combustion
tapers off

Oy, Exhaust |

State 1 State 2 State 3 |
valve openg

valve opens
P Exhaust, '
< < ]_
Intake |
Umin Umax

State 4 Exhaust Intake

Figure 3.12: States of the four-stroke Otto Cycle with p-v diagram.

Figure 3.12 gives an approximate picture of an actual four-stroke spark-ignition cycle.
It is extremely complex, both due to the gradual release of heat after ignition, as well as
the mass transfer that occurs as the exhaust and intake valves open and close. A perfect
representation also needs to deal with the chemistry of combustion, the dynamics of fuel
mixing, and the timing of various parts of the cycle.

Because the actual spark-ignition cycle is so complex, we make a number of simplifying
assumptions. First off, we use an ideal "air-standard” assumption, in which the working fluid
is a fixed mass of air undergoing the complete cycle. This simplification removes both the
need for the exhaust/intake strokes and the need to consider the chemistry of combustion.
Instead of ignition, we use instantaneous heat addition between states 2 and 3. Finally, the
exhaust and intake strokes are replace by heat rejection between states 4 and 1.


http://www.kruse-ltc.com/otto.php
http://animatedengines.com/otto.html
http://animatedengines.com/twostroke.html
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Figure 3.13: Ideal Otto cycle p-v diagram compared to a simulated Otto cycle.

The end result is the cycle shown in Figure 3.13. This looks very similar to the Stirling
Cycle discussed in Section 3.4. The major difference between the two is that the compression
between states 1 and 2 and the expansion between states 3 and 4 are both adiabatic, rather
than isothermal. Analysis of these processes depends on the analysis done in Section .

Note that the ideal cycle in Figure 3.13 reaches significantly higher pressures than the
actual cycle. Additionally, the pressure at state 4 is slightly lower in the ideal cycle. Both
of these occur because of the assumption of instantaneous heat addition in the ideal cycle.
The actual cycle never reaches the high temperatures because expansion happens at the
same time as heating, and the temperature is higher at state 4 because heat is added at a
lower temperature, which means the air has a lower ¢, value.

The omission of the exhaust and intake strokes results in better efficiency for the ideal
cycle, as work is required to both push out extra combustion products and to suck in fresh
air.

3.7.1 Otto Cycle Analysis

The Otto Cycle looks very similar to the Stirling Cycle discussed in Section 3.4, with the
key difference that the expansion and compression are adiabatic (no heat transfer) instead
of isothermal.

The results of this can be seen in Table 3.2. Au is always ¢, AT, though the definition
of AT changes for each process. For processes 1-2 and 3-4, ¢ = 0 because the processes are
adiabatic. For processes 2-3 and 4-1, w = 0 because no work can be developed in a constant
volume process. The First Law (Au = ¢ — w) is used to fill in the remaining blanks.
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Table 3.2: Tabular Representation of Energy Equation for the Otto Cycle

Au q w
Process 1-2 | ¢,(To — T1) 0 —cy(Ty — T1)
Process 2-3 | ¢,(T5 — T2) ey (T3 —T3) 0
Process 3-4 | ¢,(Ty — T3) 0 —cy(Ty — T5)
Process 4-1 | ¢,(Ty — Ty) co(Th — Ty) 0
Total (net) 0 co(Th —To+T5—Ty) co(Th—To+T5—1Ty)

We are often interested in the thermal efficiency of an engine, which is defined as
Mth = Qin/Wnet in Equation 3.20. For the Otto engine, this becomes:

nh:/c{(Tl—T2+T3—T4) :1+T1—T4
‘ o5 (T — 1) T35 —Th

Now we define the compression ratio, r:

p = Jmae (3.28)

Umin

We can recognize that vp,e: = v1 = v4 and vy = v2 = v3 to say that r = vy /vy = v4/v3.
We can then use the adiabatic relation for T' and v from Equation 3.21 to make the
following definitions:

T2 = Tl(’l)g/vl)_(’y_l) = TlT’Y_l
T3 = T4(U3/’U4)7(771) = T4T’yil
Using this, we can simplify the efficiency as follows:

T — Ty
=1
1heh + Tyrv—1 —Tyry—1

Tlhzl—(T4_ !
! 1 —Th) rv—1

e = 1 —

o (3.29)

Equation 3.29 shows that the thermal efficiency is a function only of the compres-
sion ratio, r, and the ratio of specific heats, 7. This simplified analysis requires the as-
sumption that - is a constant over the entire cycle. As long as v is chosen at or near
Tavg = I (Trnaz + Tmin), this is a very reasonable assumption.

2
Example 3.5 provides a closer look at an ideal Otto cycle.
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Example 3.5: Otto Cycle

An ideal air-standard Otto cycle engine has a compression ratio of 8. At the beginning
of the compression process, the working fluid is at 100 kPa, 27°C (300 K), and 800
kJ/kg heat is supplied during the constant volume heat addition process. Neatly
sketch the pressure-volume [p-v] diagram for this cycle, and using the specific heat
values for air at a typical average cycle temperature of 900 K determine:

a) the temperature and pressure of the air at the end of each process
b) the net work output/cycle [kJ/kg], and

¢) the thermal efficiency [n:,] of this engine cycle.

The first step is to draw the p-v diagram of the complete cycle, including all the
relevant information. We notice that neither volume nor mass have been provided,
hence the diagram and solution will be in terms of specific quantities.

Py
3 compression ratlio r=vi/im =8
state 1 =100 kFa, 300K
Qin - :
-] adiabatic
800 lcl/kg ™ processes
2 P vk = const

4
Qout

| 1
-7
- =15 4..| specific volume

We assume that the fuel-air mixture is represented by pure air. The relevant equa-
tions of state, internal energy and adiabatic process for air follow:

kJ
= T - .2
pv =R R=0 87kg K

Au = c, AT

D2 <Ul>w Ty <U1>71
p1 V2 T Vg

Note that values for ¢, and - should come from the average value of temperature.
We won’t know what the actual average temperature is until we solve the problem,
but we are asked to use the “typical average cycle temperature” of 900 K. We get
this from the table of Specific Heat Capacities of Air.

kJ

Cv,900 K = 0'834kg7K Yooo K = 1.344
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Compare these values to the nominal specific heat capacity values used for air at
300K: C,, = 0.717 kJ /kg K and v = 1.4, and you will see the importance of using
the Ideal Gas Tables.

We now go through all four processes in order to determine the temperature and
pressure at the end of each process, as well as the work done and heat transferred
during each process.

Process 1-2 - Adiabatic Compression:

p1 = 100 kPa, T, =300 K

Starting at state 1, we compress the fluid adiabatically with a compression ratio of
8. Keep in mind that the specific volume of state 1 will be larger than that of state
2.

kJ
Adiabatic —q12 =0 —
kg
r= o 8
V2

T. 7t
?2 - (Zl) — 80344 — 9 (45 =T, =613 K
1 2
P2 (U1 W_ 1.344 __ _
P2 _ (U) _ g3 _ 16,359 3/ p» = 1635 kPa
2

D1

Aulg = CUATH :M—O w12 —| W1y = —261 —

Note that we could also find the work through f p dv. The above approach is much
simpler.

Process 2-3 - Constant Volume Combustion: From state 2, we add heat at
constant volume (vs = vs).

kJ

Constant Volume — we3 =0 e
kJ
Given = go3 = 800 —
kg

G=cAT — T3—Ty=-2L

v

800 kJ /kg
Ty—Ty=— 25 [Ty = 1572 K
8727 0.834 kJ /kgK 8
T
psyd RT —| p3 = 4193 kPa
povs  RT»
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Process 3-4 - Adiabatic Expansion: From state 3 to 4, we again use the com-
pression ratio, but recognize that vy > v3.

kJ
Adiabatic = qz4 =0 —
kg
V3 1
r=—=-
V4 8
T, vy \ 7L 034
== == = 0.489 —| T3 =769 K
T3 (’U4> 8 3
voq1344
Pa_ (“”) — - =0.0611 i ps = 256 kPa
D3 U4 8
kJ
Au12 = CUATH :MQ w12 —| W34 = 670 k7g

Process 4-1 - Constant Volume Heat Rejection: From state 4, we reject heat
at constant volume (vy = vy).

kJ
Constant Volume — we3 =0 e
kJ
Auygy = c, ATy = qu —MO —qq1 = —391 k—g

Cycle Summary: Now we can build a summary of the processes using Table 3.2.

AU Q w
Process 1-2 | -261 kJ/kg 0 -261 kJ/kg
Process 2-3 | 800 kJ/kg 800 kJ/kg 0
Process 3-4 | 670 kJ/kg 0 670 kJ/kg
Process 4-1 | -391 kJ/kg -391 kJ/kg 0
Total (net) 0 409 kJ/kg 409 kJ/kg

The net work created by a single cycle was 409 kJ /kg, and the heat added per cycle
was 800 kJ/kg. We can find the thermal efficiency as follows:

Wpet 409 kJ /kg
= = S0k T

Note that using constant specific heat values over the cycle we can determine the
thermal efficiency directly from the ratio of specific heat capacities v and the com-
pression ratio r using Equation 3.29:

1

M =1=—— =1— oy = 0511

This matches closely with the analysis above.
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3.8 Air-Standard Diesel Cycle

The Air Standard Diesel cycle is the ideal cycle for Spark-Ignition (CI) reciprocating engines,
first proposed by Rudolph Diesel over 100 years ago. The following link by the Kruse
Technology Partnership describes the four-stroke diesel cycle operation including a short
history of Rudolf Diesel. The four-stroke diesel engine is usually used in motor vehicle
systems, whereas larger marine systems usually use the two-stroke diesel cycle. Once again
we have an excellent animation produced by Matt Keveney presenting the operation of the
four-stroke diesel cycle.

The analysis of the Diesel cycle is very similar to that of the Otto cycle which we analyzed
in the previous section. We will use the ideal "air-standard” assumption in our analysis.
Thus the working fluid is a fixed mass of air undergoing the complete cycle which is treated
throughout as an ideal gas. All processes are ideal, combustion is replaced by heat addition
to the air, and exhaust is replaced by a heat rejection process which restores the air to the
initial state.

21 3i Constant Pressure

P3N ol Heatng

“Actual” Cycle

P T R T T T T o netant Valun

\\\\\ 4
Constant Volumé
Cooling
S S A B 1
y4! T e e e 1
Umin U3 Umazx

Figure 3.14: Ideal Diesel Cycle p-v diagram compared to a simulated Diesel Cycle.

The most significant difference between the ideal Otto cycle and the ideal Diesel cycle
is the method of igniting the fuel-air mixture. For the Otto cycle, spark-ignition allows us
to maintain a relatively low compression ratio (around 8:1), and time the combustion such
that it results in a sudden jump in pressure while the volume remains essentially constant.

In contrast, in order to self-ignite, the ideal Diesel cycle needs an extremely high com-
pression ratio (around 18:1) to allow the air to reach the ignition temperature of the fuel.
Only then is the fuel injected. The timing of ignition is such that combustion adds heat as
the piston is in the process of expanding, which leads to combustion at nearly a constant
pressure, as seen in Figure 3.14.

After combustion, the rest of the cycle (expansion and exhaust) is essentially identical
to that of the ideal Otto cycle.


http://www.kruse-ltc.com/diesel.php
https://auto.howstuffworks.com/diesel-two-stroke1.htm
http://animatedengines.com/diesel.html
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3.8.1 Diesel Cycle Analysis

The Diesel cycle is very similar to the Otto cycle, with the major change that heating occurs
at constant pressure, rather than constant volume. The major complication is that work
occurs at the same time as heat transfer, unlike in the Otto cycle, where work and heat
transfer are perfectly decoupled.

Table 3.3: Tabular Representation of Energy Equation for the Diesel Cycle

Au q w
Process 1-2 | ¢,(Ty —TY) 0 —cyp(To —T7)
Process 2-3 | ¢,(T5 — T3) cp(T5 — 1) pos(vs — va) = R(T3 — 1)
Process 3-4 | ¢,(Ty — T3) 0 —cy(Ty — T3)
Process 4-1 | ¢,(T1 — Ty) co(Ty — Ty) 0
Total (net) 0 (Tt —Th) + cp(T3 = T2)  co(Th —Tu) + (T3 — T)

Let’s again find the thermal efficiency:

Gy (Tl—T4)-‘GC (T3—T2) . (T4—T1)
Neh = =1-—F=
e (Ts — 1) v (T3 = T»)

Often, rather than indicating the amount of heat from combustion, the heat addition

process is defined by a cutoff ratio. This is another volume ratio, defined as:
_ %

re=1" (3.30)

The cutoff ratio will always be less than the compression ratio (Equation 3.19). Addi-
tionally, this ratio allows us to link each of our temperatures using r, 7., and ~:

Ty =T, r7 ! from adiabatic relations
T3 =T r, from the ideal gas law
v—1
T, =13 (E> from adiabatic relations
r

We can simplify T35 and T} as follows:

T3 = Tl ’I"’Y_l Te

~y—1
Ty =T 2> Tr, (E> =Tyrer) ' =Tir)

/

Substituting the above relationships into the thermal efficiency gives us the following:

-1 Tl’l’z — T1
Mth YTy tr. =Ty 1)
1 -1
nen =1 — . (3.31)

yrr=lr,—1

As r. — 1, Equation 3.31 approaches Equation 3.29, the Otto efficiency.
Example 3.6 provides a closer look at an ideal Diesel cycle.
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Example 3.6: Diesel Cycle

An ideal air-standard Diesel cycle engine has a compression ratio of 18 and a cutoff
ratio of 2. At the beginning of the compression process, the working fluid is at
100 kPa, 27°C (300 K).

a) Determine the temperature and pressure of the air at the end of each process.
b) Determine the net work output per cycle [kJ/kg].
c¢) Determine the thermal efficiency.

The first step is to draw a diagram representing the problem, including all the relevant
information. We notice that neither volume nor mass is given, hence the diagram
and solution will be in terms of specific quantities. The most useful diagram for a
heat engine is the p-v diagram of the complete cycle:

P
4 compression ratio r = v/ = 18

cutoff ratio rp = v3fm =2
Qin state 1 =100 kPa, 300K

|}
e
Lad

adiabafic
processes

P vk = const

Qout

]

=5 | e

a-1p=_ - specific volume
-1 =

In order to use constant specific heats, we must guess the average temperature of the
cycle. For this analysis, we will use 900 K to calculate the specific heats. We will
then check that value at the end of the analysis.

kJ
¢ =1121 — =1.344
Cp,900 K ke K Y900 K
We now go through all four processes in order to determine the temperature and
pressure at the end of each process, as well as the work done and heat transferred
during each process.
Process 1-2 - Adiabatic Compression:

p1 = 100 kPa, T, =300 K
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Starting at state 1, we compress the fluid adiabatically with a compression ratio of
18. Keep in mind that the specific volume of state 1 will be larger than that of state
2.

kJ
Adiabatic Sl g =0 —
kg
r= o 18
Vg

15 U1 ! 0.344
e — 18934 — 2,703 o[ =811 K
1 V2
,
Pz _ (“1) — 18134 — 48650 [ py = 4865 kPa
P1 V2

Process 2-3 - Constant Pressure Combustion: From state 2, we add heat at
constant pressure (ps = p2), with a cutoff ratio of 2.

Constant Pressure —{ p3 = 4865 kPa
2
T:
pavf KTy [Ty =1622 K
psps  RT»

For this process, both work and heat transfer are present. However, we can find the
heat transfer by using the constant pressure specific heat, cp:

kJ kJ
= T3 —T5) =1.121 —— - (1622 K — 811 K =909 —
q23 = (T3 — Tt) kg K (16 ) = q23 kg

Process 3-4 - Adiabatic Expansion: To calculate the volume ratio between states
3 and 4, we simply divide the compression ratio by the cutoff ratio:

V4 V1 Vo U1 r

U3 U3 U3 U2 Te

This allows us to follow a similar pattern to Process 1-2.

k
Adiabatic —{q3a =0 —J

T y—1 10.344
T42<”3) =3 = 0.470 STy =762 K
3 Uy
Y 1 1.344
ba _ (”3) =5 =005 —| ps = 254 kPa
P3 Vg

Process 4-1 - Constant Volume Heat Rejection: From state 4, we reject heat
at constant volume (v = vy).

[

k
Augr = co ATy = qua —JU—rz"O — qa1 = —385 k—g
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Cycle Summary: Notice that we didn’t calculate the work for any of the processes.
The reason for this is we can more easily obtain the net work, wyes, by finding the
net heat transfer, g,.:. For a cycle, the net work and the net heat transfer will be
equal.

kJ kJ kJ
net = qnet = 909 — — 385 — net = D24 —
Wnet Qnet kg kg — Wnet kg

We can find the thermal efficiency as follows:

Wnet 524 kJ/kg
Nth Gin 909 kJ/kg _>

As a side note, our maximum temperature was about 1600 K, so an average temper-
ature of 900 K for finding ¢, and + is reasonable.

You may wonder at the unrealistically high thermal efficiency obtained in this exam-
ple. In this idealized analysis we have ignored many loss effects that exist in practical
heat engines. We will begin to understand some of these loss mechanisms when we
study the Second Law in Chapter 5.

3.9 Using Software: Plotting a Cycle in Python

In Section 1.10, we introduced the various plotting options available in Python through
Google Colab. In Section 2.6, we used Colab in order to implement the ideal gas law.
In this section, we will combine the two in order to plot the Otto cycle in Python.

3.9.1 Solving the Otto Cycle in Colab

To start off, let’s solve Example 3.5 in Colab. We still need to start off by including our
library imports:

# Clear all variable definitions

%reset -f

from numpy import * # Import common numerical functions (like sqrt)
from matplotlib.pyplot import * # Import plotting functions (like plot)

import CoolProp.CoolProp as CP # Import CoolProp library

With those in place, we define the known values for this Otto cycle:

# Given Values
cv = 0.834
gamma = 1.344
Rgas = 8.314/28.97

# Constant volume specific heat for air at 900 K (kJ/kgK)
# Ratio of specific heats for air at 900 K (-)

# Gas constant for air (kJ/kgK)

# Compression ratio of cycle (-)
#
#
#

r =28
gin = 800 Combustion heat transfer (kJ/kg)
T1 = 300 Initial temperature (K)

pl = 100 Initial pressure (kPa)


https://colab.research.google.com
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The compression ratio is our path to state 2, so we need to start off by finding the specific
volume of state 1:

# Find v2
vl = Rgas * T1 / pl # Ideal Gas Law
v2 =vl / r # compression ratio r = v1/v2

The pressure and temperature of state 2 can be found using the adiabatic ideal gas
equations (Equations 3.25 and 3.26):

# Find p2 and T2 with adiabatic ideal gas equations
T2 = T1 * (v1/v2)**(gamma-1)
p2 = pl * (v1/v2)**gamma

The volume at state 3 is the same as at state 2. The temperature at state 3 is found
using the equation for constant-volume heat addition. The pressure can be found through
the ideal gas law.

# Find values of state 3 (constant volume heat addition)

v3 = v2 # constant volume process
T3 = T2 + gin/cv # q = cvkxdeltaT
p3 = T3*Rgas/v3 # Ideal gas law

The volume at state 4 is the same as state 1. The temperature and pressure can be
found through the adiabatic ideal gas law equations.

# Find p4 and T4 with adiabatic ideal gas equations
vd = vl

T4 = T3 x (v3/v4)**(gamma-1)

p4 = p3 * (v3/v4)**gamma

At this point, we have each of our four states fully defined. If we want to know the
values, we can use the print command:

# Output state values

print('State Pressure Temperature Spec. Volume')
print(' 1 %9.3f %9.3f %9.3f'% (p1, T1, vi1))
print(' 2 %9.3f %9.3f %9.3f'% (p2, T2, v2))
print(' 3 %9.3f %9.3f %9.3f'% (p3, T3, v3))
print(' 4 %9.3f  %9.3f  %9.3f'% (p4, T4, v4))

This set of commands gives us the following table:

State Pressure Temperature Spec. Volume
1 100.000 300.000 0.861
2 1635.886 613.457 0.108
3 4193.839 1572.690 0.108
4 256.365 769.095 0.861

This print command looks a lot different than what we’ve used in the past. Instead of
manually putting in each of the values we wanted to print, we used placeholders, which
were then filled after we completed the format. This allows us to create a small table without
having to spend a ton of time fidgeting with spacing.

The placeholders have three components:
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o The first value (9) indicates how much total space to give the number. A smaller
number will provide less white space. If the number requires more space than given,
Python will automatically give as much as needed (which would mess up our table).

o The second piece (.3) indicates the precision, or how many numbers after the decimal
point will be included.

o The final piece (f) is an argument or conversion specifier. You may want to use %9.3e
instead for very large or small numbers to use an exponential format (e.g. 4.194e+03
instead of 4193.839).

3.9.2 Plotting the States

With our states fully known, let’s plot the properties on a p-v diagram.
We only have four values, so we can create our list manually:

plot([vl, v2, v3, v4], [pl, p2, p3, p4l)

This results in the following plot:

4000

3000

2000

1000

01 0.2 0.3 0.4 0= 0& 0.7 0.a

This plot has a number of issues. We need labels and better limits for the axes, the cycle
doesn’t make a full circuit, and the adiabatic compression and expansion are straight lines,
rather than following the path they should. Additionally, it would be nice to label each of
the states with a number. Let’s tackle each of these.

3.9.3 Revising the Plot
Axis Labels and Limits

We've done this before in Section 1.10, but to re-cap, we’ll use the xlabel, ylabel, and
axis commands.

xlabel('Spec. Volume [m~3/kgl')
ylabel('Pressure [kPal')
axis([0, 1, 0, 4500])
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Adiabatic Compression/Expansion Lines

This one is a bit more difficult. In order to create curved lines, we need to create an array
to work with. We know the limits of specific volume, so we’ll use that as our base.

vArray = linspace(v2, v1, 100)

Once we have that in hand, we want define our pressure array by substituting the volume
array for vy in Equation 3.26.

pArrayComp = pl*(vArray/v1l)**-gamma

We can do the exact same thing for the expansion stroke by substituting p; for ps and
vy for wvs:

pArrayExp = p3*(vArray/v3)*x-gamma
Let’s add two plot commands to plot these two lines, making them both blue.

plot(vArray, pArrayComp, 'b')
plot(vArray, pArrayExp, 'b')

Adding State Labels

To label the states, we use matplotlib’s text command:

text(vi+.01, p1-50, '1') # Place the text 'l' next to state 1
text (v2-.03, p2-50, '2')
text (v3-.03, p3+50, '3')
text (v4+.01, p4+50, '4')

The first two arguments tell Colab where to place the text, and the third argument is
what text to type. This can be finicky, and the easiest way to determine correct placement
is just to alter the values added or subtracted from the specific volume and pressure.

After all of the changes above, we end up with the following:

4500

4000
3500
3000
2500
2000

Pressure [kPa]

1500
1000
500

0.0 0.2 04 0.6 08 10
Spec. Valume [m™3/kg]



3.9. USING SOFTWARE: PLOTTING A CYCLE IN PYTHON 7

Finishing Up

To clean up the plot, we want to get rid of our original lines and manually put in the lines
for constant volume heating and cooling.

For the first bit, we’ll change our lines to simple circles by adding 'ob' to the end of
the plot command. The o piece makes small circles instead of the lines, while b keeps the
circles blue.

The command becomes:

plot([vl, v2, v3, v4], [pl, p2, p3, p4l, 'ob')
In order to create the constant volume lines, we just connect the two points:

plot([v2, v3], [p2, p3]l, 'b')
plot([v4, v1], [p4, pll, 'b")

After all this, we end up with the final plot:

4500

4000
3500
3000
2500
2000

Pressure [kPa]

1500
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00 0.z 04 06 0a 1a

Spec. Volume [m™3/kg]

Semi-log Plots

There’s an argument for using semi-log or log-log plots, depending on differences in pressure.
Replacing all of the plot commands with semilogy and changing the y-axis from a
0 < p < 4500 to 50 < p < 5000 yields the following plot:
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In order for the plot to come out well, it is also necessary to fiddle with the text
commands. In addition, to fix the tick labels on the y axis, it is also necessary to add a
yticks command:

yticks(ticks=[50, 100, 200, 500, 1000, 2000, 5000],
labels=[50, 100, 200, 500, 1000, 2000, 5000])

3.10 Summary

The main result from this chapter was the explanation of three engine cycles: Stirling, Otto,
and Diesel. Each of these cycles can convert excess heat, typically from combustion, to work.
The Stirling cycle can also use work in order to transfer heat from a cold environment to a
hot environment, thus acting as either a heater or a refrigerator. All of these cycles typically
use ideal gases as the working fluid, so the ideal gas law was used in abundance.

In order to analyze these cycles, we introduced the First Law of Thermodynamics:

AU=Q-W,

which is a statement of the conservation of energy. The change in internal energy can be
determined from the temperature change between states:

AU:UQ_UlszU(TQ—Tl) AU:UQ—Ul :CU(TQ—Tl)

The work is typically found through integration, which results in the following for special
cases:

Isobaric — W =mp(vy —v1) =p(Vo — Vi)
Tsothermal - W = mRTn <”2) — mRTn <V2)
vy Wi
Adiabatic — W=m % =mey,(To — T1)
Isometric — W =0

For the special case of constant pressure, the heat transfer for a process can be found
using the constant pressure specific heat, c,:

Q = me(T2 — Tl)
In all other circumstances, the heat transfer can only be determined through the First
Law.
Finally, because two of the cycles use adiabatic compression/expansion, it was necessary
to develop equations for the properties. These are summarized below:

p2 (T3 T ()
P <T1> - (1)2)

Ty (p2 v\ 7Y
n-() -

1

ij _ <pl)’y _ <1—'1) (v=1)
U1 D2 15

y—1
5
1
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Chapter 3 Homework:

Question 3.1: Look at Figure 3.2. Which process would require the most work to
complete? What does this say about the heat transfer during that process?

Question 3.2: Why is work negative in the First Law of Thermodynamics?

Question 3.3: In what circumstances is enthalpy useful? In other words, why would we
use enthalpy instead of internal energy?

Question 3.4: Which is larger, internal energy or enthalpy? Is this always true? Why?
Question 3.5: In what ways is specific heat different between gases and solids?
Question 3.6: In words, what is c,?

Question 3.7: What is the function of the regenerator? Without a regenerator, what
would be the effect on the engine?

Question 3.8: Is there heating that occurs during constant temperature expansion/-
compression? If so, how much?

Question 3.9: Draw the cycles in a p-v diagram for the Stirling Cycle Engine and
Stirling Cycle Cooler. What is different between the two? Label all heat flow and work
in and out of the the system. Use Qg, Qc, Qr, Win, and W, for your labels.
Question 3.10: What is v? How does it change with temperature (see Table C.2)?
Question 3.11: What assumptions are necessary to use Equations 3.25, 3.26, and 3.277
Question 3.12: How does the Otto cycle differ from the Stirling cycle?

Question 3.13: What parameters determine the efficiency of the Otto cycle?

Question 3.14: How does the Diesel cycle differ from the Stirling and Otto cycles?

Question 3.15: Why does the Diesel cycle typically use a higher compression ratio than
the Otto cycle?

Question 3.16: Four kilograms of water at 50°C are placed in a piston cylinder device
under 6 MPa of pressure. Heat is added to the water at constant pressure until the
temperature of the steam reaches 400°C.

a) Determine the work done by the fluid (W) [1.1 kJ] and the heat transferred to the
fluid (Q) [11.9 kJ] during this process.

b) Plot the process on a p-v diagram.
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Question 3.17: For each of the following states, use the steam tables (or CoolProp) to
check the relationship h = u + puv:

a) Steam at 300°C and a pressure of 200 kPa
[3072.1 kJ /kg = 2808.8 kJ/kg + 200 kPa - 1.3162 m?/kg]

b) R-134a at a specific volume of 1 m3/kg and an internal energy of 200 kJ/kg [206.5
kJ/kg]

c¢) Carbon dioxide at a temperature of -50°C and a pressure of 100 kPa (use CoolProp)
[444.7 kJ /kg]

d) Helium at a temperature of -150°C and a pressure of 5 MPa (use CoolProp)[658.4
kJ/kg]

Question 3.18: How much heat is required to raise the temperature of Helium by 50°C
at constant pressure? [259.7 kJ/kg] What about at constant volume? [155.8 kJ/kg]

Question 3.19: Analyze a Stirling cycle engine which uses air as a working fluid. Let
the minimum pressure be 400 kPa, the maximum volume be 1000 cm?, and the minimum
volume be 400 cm?®. The temperature of the hot side is 100°C, and the temperature of
the cold side is 20°C.

a) Sketch each process and state on a p-v diagram.

b) Find the pressure at each state. [p; = 400kPa, ps = 1000kPa, ps = 1273kPa,
pa = 500kPa]

c) Create a table with the pressure, temperature, and specific volume at each state.

d) Find the change of internal energy, work, and heat transfer for each process. Put
this information in a table.

e) Find the net work of a cycle [100 J], the input heat transfer [466 J], and the thermal
efficiency [21%].
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Question 3.20: Analyze a Stirling cycle cooler which uses helium as a working fluid. Let
the minimum pressure be 800 kPa, the maximum volume be 200 cm?, and the minimum
volume be 150 cm?3. The temperature of the hot side is 20°C, and the temperature of the
cold side is -30°C.

a) Sketch each process and state on a p-v diagram.

b) Find the pressure at each state. [p; = 965kPa, p; = 1286kPa, p3 = 1067kPa,
p4 = 800kPa]

¢) Create a table with the pressure, temperature, and specific volume at each state.

d) Find the change of internal energy, work, and heat transfer for each process. Put
this information in a table.

e) Find the net work per cycle [-9.5 J], the heat transfer from the refrigerated side [46
J], and the coefficient of performance [4.86].

Question 3.21: A frictionless piston-cylinder device contains 0.2 kg of air at 100 kPa
and 27°C. The air is now compressed adiabatically until it reaches a final temperature of
77°C.

a) Sketch the P-V diagram of the process with respect to the relevant constant tem-
perature lines, and indicate the work done on this diagram.

b) Using the basic definition of boundary work done determine the boundary work
done during the process [-7.18 kJ].

c) Using the energy equation determine the heat transferred during the process [0 kJ],
and verify that the process is in fact adiabatic.

Use values of specific heat capacity defined at 300K for the entire process.

Question 3.22: This is an extension of Example 3.5, in which we wish to use throughout
all four processes the nominal standard specific heat capacity values for air at 300K. Using
the values ¢, = 0.717 kJ/kgK and v = 1.4, determine:

a) the temperature and pressure of the air at the end of each process [po = 1838 kPa,
Ty = 689K, T5 = 1805K, p3 = 4815 kPa, py = 262 kPa, Ty = 786K]

b) the net work output/cycle [451.5 kJ/kg], and

c¢) the thermal efficiency of this engine cycle. 1, = 56%)]
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Question 3.23: Consider the expansion stroke of a typical Air Standard Diesel cycle
engine which has a compression ratio of 20 and a cutoff ratio of 2. At the beginning of
the process (fuel injection) the initial temperature is 627°C, and the air expands at a
constant pressure of 6.2 MPa until cutoff. Subsequently the air expands adiabatically (no
heat transfer) until it reaches the maximum volume.

a) Sketch this process on a p-v diagram showing clearly all three states. Shade on the
diagram the total work done during the entire expansion process.

b) Determine the temperatures reached at the end of the constant pressure (fuel in-
jection) process [1800K], as well as at the end of the expansion process [830K], and
draw the three relevant constant temperature lines on the p-v diagram.

c¢) Determine the total work done during the expansion stroke [1087 kJ/kg].

d) Determine the total heat supplied to the air during the expansion stroke [1028
kJ/kg].

e) Using Google Colab and CoolProp, plot the three states and two processes on a
p-v diagram. Use the methodology in Section 3.9.3 to plot the curved expansion
process.

Use the specific heat values defined at 1000K for the entire expansion process, obtained
from the table of Specific Heat Capacities of Air.

Question 3.24: For an ideal Diesel engine with r. = 2, what does the compression ratio
need to be to match the efficiency of an ideal Otto engine with a compression ratio of
r =87




Chapter 4

The First Law for Open Systems

4.1 Energy Conservation (First Law) for Open Systems

In this course we consider three types of open systems - steam power plants, refrigeration
systems, and aircraft jet engines. These are complex systems, but we will break them down
into components, then separately analyze each component. Figure 4.1 shows a representative
component with mass flow, shaft work, and heat transfer.

Control Volume

U I
Shaft Work :__U____A ________________ _||
O ' Heat Transfer

Figure 4.1: Diagram of a control volume (open system).

For every component we analyze in this class, we will assume that there will be no
change over time inside the component. This is a very reasonable assumption as long as
the component has be running for a while without any changes to its conditions. This is
commonly known as the steady-state assumption.

For open systems, the consistent mass flow rate means that our components operate
continuously, rather than through cycles. While we calculated the amount of energy in one
cycle of operation for closed systems, we will calculate the amount of energy in one second of
operation for open systems. Thus, it is typically more convenient to use power [kW] rather
than energy [kJ]. The mass specific energy [kJ/kg] will still be useful in our analyses.

83
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4.1.1 Mass Flow

Looking again at Figure 4.1, let’s start by saying the change of mass inside the control
volume, m., is equal to the mass entering, m;,, minus the mass leaving, 7,,:. The sums
in Equation 4.1 are there to indicate that we may have multiple inlets and outlets in our

problem.
Omey . .
5 = g Tin — E Mout (4.1)

Assuming steady-state flow allows us to remove 8’5;’” , as there should not be any change

with respect to time:
Z mvn = Z mout =1m (42)

For a steady-state control volume with a single exit and outlet, we can simplify to the
following:

Min = Moyt = MM

In other words, the mass flow must be a constant value through each component for a
steady-state problem.

4.1.2 Flow Work

The fluid mass flows through the inlet and exit ports of the control volume. As it flows in, it
performs pressure work on the fluid inside the control volume. This flow work is equivalent
to the amount of work it would take to move a piston at the pressure of the incoming fluid.

Volume per At

mAt
—>

Figure 4.2: Fluid entering a control volume performs work just as if it were moving a piston.

Let us calculate the amount of work done by the flow coming in over a time At.

1%
Wiiow = /Fdac = / pdV = pV = mpv (4.3)
0

In other words, the amount of work done in At is equal to the pressure of the incoming
flow times the amount of volume of fluid coming in over the same time period.
Considering the time that the operation takes, we rearrange Equation 4.3 as follows:

Weiow  mpv : .
= — W = 1hpv
At At flow 7Y
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The dotted values simply represent the quantity of work or mass per unit time. Thus,
we can say that m = rmAt.
We can define specific values in a similar manner to closed systems by using 7 instead
of m: )
Wi
Wflow = ﬂ =pv (44)

This result will be useful as we develop the complete energy equation in the next section.

4.1.3 Conservation of Energy for an Open System

Let’s look again at a sample control volume, but this time we will consider energy flow
instead of mass flow.

E=1e] e ,
' — Control Volume |
Energy —i i
Flow In ' !

W % E E = ﬁzez

i =
Shaft Work Lo ____ A ________________ Jmergy
O " Heat Transfer Flow Out

Figure 4.3: Diagram showing all sources of energy affecting an open system.

Figure 4.3 shows that energy enters the control volume through mass flow at 1 (rie; ) and
through heat transfer (@) and work (W). Likewise, energy leaves the control volume through
mass flow at 2 (rhe). As in closed systems, work is defined such that work performed on

the system is negative.
ey + Q — W = ey
At this point, we should talk about the energy, e. There are many different types of
energy, and in the broadest sense, e incorporates all of them. We’ve discussed potential,
kinetic, and internal energy back in Chapter 1. We could also include chemical energy

(combustion, etc.), nuclear energy (for nuclear reactors), or other more exotic forms. For
the sake of this discussion, we will limit ourselves to the three types discussed in Chapter 1.

15
e=u+ 5‘/2 + 9z (4.5)

The W term will encompass three types of work. First, we will incorporate the flow work
from Equation 4.3. Then, we will split our shaft work into work done to the system by pumps

and compressors (Wpumps) and work extracted from the system by turbines (Wiurpines)-

W = m(pgvg - p1U1) - Wpumps + Wturbines (46)

Our energy equation now has the following form:

. 1 -2 . . . . . 1 -2
m (Ul + §V1 + 921>+Q— (m(p2v2 — p1v1) — Wpumps + Wturbines) =1 <u2 + §V2 + 922)
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We can distribute the flow work to group it with the other forms of energy, and move
the W terms to the right hand side:

. 1 -2 . . 1-2 . .
m <U1 +piv1 + 5‘/1 + gzl) +Q=m (U2 + p2v2 + 5‘/2 + 922) - Wpumps + Wiurbines

Using the definition of enthalpy from Section 3.2, we recognize that u + pv = h.
. 1 -2 . . 1 -2 . .
m (hl + 5‘/1 + ng) + Q =m <h2 + 5‘/2 + ng) - Wpumps + Wturbines (47)

For many problems, we neglect the effects of kinetic and potential energy. In those
situations, we can further simplify:

mhy + Q = 1hho — Wpumps + Wturbines

If we define Ah = hy — hy, we can get an equation very similar to Equation 3.1.

mAh = Q + Wpumps - Wturbines (48)

Finally, we can get the specific form of the equation by dividing through by 7.

Ah = q + Wpumps — Wturbines (49)

Notice that enthalpy h is fundamental to the energy equation for open systems.

4.2 The p-h (Pressure-Enthalpy) Diagram

When dealing with closed systems we found that sketching T-v or p-v diagrams was a
significant aid in describing and understanding the various processes. In steady flow systems
we find that the pressure-enthalpy (p-h) diagrams serve a similar purpose, and we will use
them extensively. In this course we consider two pure fluids - water and refrigerant R134a,
and we have provided p-h diagrams for each in Appendices A.5 and B.4. We will illustrate
their use in the following examples. The p-h diagram for water is shown below.
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Figure 4.4: Pressure-enthalpy diagram for water. Note the vertical isothermal lines at high
enthalpy and low pressure (ideal gas) and for supercooled water (incompressible), as well as
the horizontal isothermal lines for the saturated mixture.

Importantly, in the ideal gas range, enthalpy is primarily determined by temperature
(Ah = ¢,AT), leading to the vertical isothermal lines in that region. The same is true in
the compressed liquid, as liquids are typically incompressible. For liquid-vapor mixtures, the
enthalpy changes mostly with quality. Finally, in the supercritical region, both temperature
and pressure will have an impact on enthalpy.

4.3 Components of Thermodynamic Systems

In open systems, fluids are transferred between multiple components, each of which has a
specialized purpose. Most simply, a component will add or extract heat, perform work on
the fluid as it passes through, or extract energy in the form of work from the fluid as it
passes through. This is a different paradigm from the closed systems of Chapter 3, in which
fluid was stuck in piston, heat was added, and work was extracted.

Cycles for open systems are created by chaining these components. For instance, in a
Rankine Power Plant (see Section 4.4), water will move from a turbine to a condenser, then
through a pump and a boiler, and finally back to the turbine. The states are defined between
the various components, and each component is described as a thermodynamic process.

The rest of this section is devoted to describing the various components. Turbines,
compressors, and pumps all deal with work. Boilers, condensers, and evaporators either add
or remove heat. Finally, mixers, throttles, heat exchangers, and de-aerators all have other

impacts on the fluid.
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4.3.1 Turbines

CHAPTER 4. THE FIRST LAW FOR OPEN SYSTEMS

Typically, anything that extracts work from a moving fluid (either liquid or gas) is known as
a turbine. While there are many different varieties of turbines, all of them use high pressure
within the fluid to provide torque to a rotating shaft, typically by way of specially designed
blades. In the case of power plants, the rotating shaft is connected to an alternator, which
turns the rotational mechanical energy into electrical energy.

Wout

Figure 4.5: Left: From Wikipedia. A large steam turbine without its cover.
Right: A typical representation of a turbine for cycle diagrams.
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Figure 4.6: Typical turbine process plotted on a p-h diagram for steam.

Within a turbine, you should expect the pressure, enthalpy, and temperature to decrease
while the specific volume increases. For a well designed steam turbine, the flow should start
superheated or supercritical, and end either as saturated steam or as a gas-liquid mixture


https://commons.wikimedia.org/wiki/File:BalNPP_m_st2.jpg
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with a quality of at least 90%. If the quality drops too low, the large number of water
droplets will begin to erode the turbine blades.

Figure 4.6 shows a turbine process on a p-h diagram, which highlights the drop in pressure
and enthalpy, as well as the final state of water being at a fairly high quality. In Example
4.2, we will see a Rankine cycle with two separate turbines. In modern power plants, the
turbine is often subdivided even further to account for high temperature steam being bled
off for various purposes. This can be seen in Example 4.3, in which some of the steam is
used to preheat the water before boiling.

4.3.2 Compressors and Pumps

Compressors and pumps both act to add energy to a fluid through work. The primary
difference is that pumps act on liquids, while compressors work on gases. Compressors and
pumps come in many forms, varying from rotary compressors that look like the turbine in
Figure 4.5 (though usually smaller) to reciprocating pumps that use pistons driven by a
crankshaft, along with many other varieties.

Mout

Win

Min

Figure 4.7: Left: Pump in for cycle diagrams. Right: Compressor in for cycle diagrams.
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Figure 4.8: Typical compressor and pump processes plotted on a p-h diagram for steam.
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Thermodynamically, compressors are nearly the opposite of turbines, as can be seen by
comparing Figures 4.6 and 4.8. Pressure, enthalpy, and temperature all increase through the
compressor, while specific volume decreases. One note is that compressors typically operate
only in the superheated and supercritical regimes. In other words, droplets of liquid, as are
present in the quality region, are typically worse for compressors than they are for turbines.

Pumps operate in liquids, which are usually modeled as incompressible. The result of this
is that the amount of enthalpy change over a pump is very small compared to compressors.
In fact, we can often neglect the energy requirements of the pump in our analysis, and
expect less that 1% error in our final results. An example pump is also shown in Figure 4.8.
If we do choose to calculate the enthalpy change in the pump, we can expand Ah as follows:

Ah = Au+ A(pv)

0 0
Ah:cM(—i—pM—i—vAp
Ah =vAp (4.10)

The temperature change AT is assumed small, and the change in specific volume can be
removed by assuming liquid water is incompressible. The only remaining term occurs due
to the change in pressure with constant volume.

Like compressors, pumps should not operate in the quality region. Whereas droplets
of water can cause erosion of the compressor machinery, bubbles of steam can occur as
cavitation, which cause significantly more serious pressure spikes that can damage or destroy
pump machinery.

4.3.3 Boilers, Evaporators, and Steam Generators

“Cold” Combustion Steam
+ Products

* Cold Air

<

Vapor
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C
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Air Liquid
Fuel_> Burner ) Refrigerant
C <
Hot Combustion

Products i
WaterT f Hot Air

Figure 4.9: Left: Gas fired boiler, showing the inflow and burning of fuel and gas, the cooling
of combustion products as the heat is transferred to the water, and the conversion of water
into steam. Right: Evaporator, showing the flow of refrigerant as it evaporates inside the
pipes, as well as the air flowing outside of the pipes.

Boilers, evaporators, and steam generators all add heat to a fluid, and the end result is a gas,
as shown in Figure 4.10. Boilers and steam generators both add heat at elevated pressure.
A boiler adds heat to a compressed liquid, changing its phase to steam through the vapor
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envelope. Steam generators do not literally boil the liquid, as the starting point is water at
supercritical pressure. As heat is added, the vapor envelope is avoided completely, and the
end result is supercritical vapor.
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Figure 4.10: Typical boiler, evaporator, and steam generator processes plotted on a p-h
diagram for steam.

Evaporators typically operate at lower pressure and temperature, and find use in HVAC
(air conditioning) units. In this class, we will see evaporators using R134a, though they are
used for water in the food industry (concentration of juices, for instance).

In all three cases, the pressure is assumed to remain constant while the enthalpy increases.
In reality, there is typically a slight pressure decrease associated with friction in the fluid
flow, but this is neglected in this class.

4.3.4 Condensers

A condenser is a type of heat exchanger in which heat is extracted from the steam or
refrigerant in our system/cycle and sent into water or air outside of the system/cycle.

Like boilers and evaporators, the pressure is assumed to remain constant through a
condenser, while the enthalpy drops drastically. For power plants, condensation occurs
at relatively low temperatures, while for air conditioning units, condensation occurs at
relatively high temperatures. Both are shown in Figure 4.11.
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Figure 4.11: Typical condenser processes for power plants and air conditioning units plotted
on a p-h diagram for steam.

Condensers in power plants typically consist of many small pipes containing cold water,
with steam flowing over the pipes while cooling and condensing. The cold water heats up,
and the steam condenses back to liquid water. Condensers therefore require a constant
supply of cold water, typically from a nearby river or lake. The amount of water required
can be reduced through the use of a cooling tower, which uses evaporative cooling to extract
large amount of energy.

Condensers for HVAC applications are normally a single pipe containing the refrigerant,
over which air is blown. Because of the high pressure of the refrigerant in HVAC systems,
the air is normally significantly cooler, which allows the refrigerant to condense in the pipe.
In essence, this works opposite from the evaporator shown in Figure 4.9.

4.3.5 Mixers

Mixers allow multiple streams of fluid to reunite as a single stream. The output of a mixer
is governed by the following equation:

mout hout = Z minhin (411)

Equation 4.11 assumes that the mixing process requires no work and is adiabatic.

Open feedwater heaters are examples of mixers that are seen in more advanced power
cycles. A portion of the hot steam is siphoned off after some work has been extracted, and
that steam is mixed with water after condensation. The end result is that the water can be
heated to near the boiling point, and less fuel is needed in the boiler.
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Figure 4.12: Typical mixer process plotted on a p-h diagram for steam.
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4.3.6 Throttles

Throttles are components used primarily in HVAC systems. They are able to reduce the
pressure by changing mechanical energy to thermal energy through friction. Essentially, they
force the refrigerant to flow through very small holes or tubes to maximize the pressure loss.
In the HVAC profession, the throttle will be called a metering device, which could be either
a capillary tube (typical for refrigerators) or an expansion valve (for residential A/C or more

complex units).
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Throttles have no moving parts, and so cannot perform or extract any work. Addi-
tionally, it is typically assumed that throttles are adiabatic. Without any work or heat
transfer, throttles cannot change the enthalpy in the flow. That is, the throttling process is
isenthalpic, or constant enthalpy, resulting in a vertical process in a p-h diagram, as shown
in Figure 4.13.

4.3.7 Heat Exchangers

Heat exchangers come in many shapes and sizes. The key concept is bringing a hot fluid in
close thermal contact to a cold fluid, and letting the heat naturally move from hot to cold.
As you can see in Figure 4.14, the hot side of the heat exchanger is losing enthalpy, while
the cold side is gaining it.
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Figure 4.14: Both hot side and cold side of a heat exchanger plotted on a p-h diagram for
steam.

The amount of enthalpy gained/lost must satisfy conservation of energy, as written in
the Equation 4.12.

Qhot = mhot (hhot,in - hhot,out) = mcold (hcold,out - hcold,in) = Qcold (412)

In reality, boilers, condensers, etc. all qualify as heat exchangers. The difference is
purely in analysis. We typically consider both the hot and cold flows of heat exchangers,
while we are only interested in the heat transfer in boilers, condensers, etc.

4.3.8 De-aerators

De-aerators are used to remove dissolved gases (mostly oxygen) from water in steam power
plants, so that they cannot corrode the metal piping or components. They are therefore an
important design consideration for power plants, even though they do not serve a thermo-
dynamic purpose.
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In other words, the level of analysis we will perform on these components is minimal. In
Example 4.3, the de-aerator is combined with the open feedwater heater (a mixer), which is
about as in-depth as we get. Because de-aerators don’t significantly change the properties
of the fluid, they typically show up as a single state on a p-h diagram, rather than a process.

The operation principle behind de-aerators is that the trapped gases have lower solubility
(the ability to be dissolved) in hot water than in cold water. By heating the water up, the
trapped gases are forced out of the water, and are then released through a pressure valve.

4.4 Basic Rankine Cycle

The most basic form of a steam power plant uses the Rankine cycle, shown in Figure 4.15.
There are four components in the Rankine cycle: the turbine, boiler, condenser, and pump.

State 1 is traditionally located at the highest temperature/pressure combination, which
occurs immediately after the boiler. The turbine removes work from the system in Process
1-2 (see Section 4.3.1). State 2 is usually either saturated steam or vapor-liquid mixture
with a fairly high quality (z2 > 0.9). This steam is piped into a condenser in Process 2-
3, which removes enough heat to turn the steam into saturated water (see Section 4.3.4).
Process 3-4 consists of a pump, which significantly increases the pressure of the water by
adding work (see Section 4.3.2). Finally, the water is turned back into steam in the boiler
of Process 4-1 (see Section 4.3.3). This cycle is depicted in Figure 4.15.

State 1
\ 4

Turbine W .
ou

Boiler

Qin

State 4 Condenser

Pump

. Qout
Win

Figure 4.15: Diagram describing the Rankine Cycle for steam power plants.

State 3
PN

Ideally, for each process, there is an assumption that only work or heat transfer occurs.
In the case of pumps and turbines, this occurs through an adiabatic assumption, which is
reasonable given sufficient insulation. The assumption of no work done occurs in the boiler
and condenser because there are typically no moving parts in either of these components,
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which is a necessary part of adding or extracting energy through work.

For the analysis of this system, we are typically interested in the thermal efficiency,
which is defined almost identically to our original definition in Equation 3.20. Of course,
we use Q instead of Q and W instead of W:

_ Wnet _ Wnet
Nth = —= =—
Qin Qin

The net work for the Rankine cycle can be defined as wnet = Weyry — Wpump. Often, we
neglect the work from the pump, meaning that the net work can be assumed to be equal to
the work from the turbine (wyer = wyyrp). The heat transfer into the system occurs in the
boiler, 0 ¢in = Gpoiler-

This gives us an efficiency for the Rankine cycle:

Wiyurb — Wpump ~ Wurb (4 13)
Gboiler Gboiler
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Figure 4.16: The four processes of the Rankine cycle plotted on a p-h diagram for steam.

Because no work occurs in the boiling process, and no heat transfer occurs in the turbine,
Equation 4.8 can be used almost trivially for both the turbine and the boiler:

. 0
Ao :Q,_/;_ Wi — Wiury = M1 — ho
0
mAhy 1 = Q41 —Wl—/; — Qboit = h1 — hy
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Both of these differences can be seen visually in Figure 4.16 as the horizontal distance
between states 1 and 2, and states 4 and 1. Clearly, ho — h; < hy — hy, meaning that more
heat is added to the boiler than is extracted from the turbine, giving us an efficiency of less
than one, as expected.

We can rewrite the efficiency using only the state enthalpies as follows:

Wiyrd o hl - h2
Gboiler hl - h4

e = (4.14)

Example 4.1 analyzes a specific Rankine cycle.

Example 4.1: Rankine Cycle

A steam power plant has been designed using the Rankine cycle. The turbine inlet
temperature was chosen to be 500°C, with a pressure at that point of 10 MPa. After
the turbine, the pressure will be 20 kPa, with a quality of 90%. The condenser will
cool the water to 40°C, and a pump and boiler will complete the cycle. The flow
rate of steam through the power plant will be 8 kg/s.

Using this information, do the following;:

a) draw each of the states and processes on the p-h diagram for water

b) find the power of the turbine and feedwater pump

¢) find the heat transfer rates of the boiler and condenser

)
)
)
)

d) calculate the thermal efficiency of the system

Solution Methodology

To start, we will create a table with the given information of each of the states,
looking at Figure 4.15 to define each state. For instance, the “turbine inlet” refers
to State 1, as it is the state immediately before the turbine.

After we find the relevant information for all of the states, we will create a p-h
diagram for part a), then use that diagram to find the power and heat transfer rates
for each of the components. The thermal efficiency will naturally follow once we
know the specific work and heat transfer for each process.

State 1 and 2 Properties

It is possible to fill in the remaining information for States 1 and 2, as both have two
properties defined. In this case, hy can be read directly from Appendix A.3, and hs
can be found using Appendix A.2 and Equation 2.1:

kJ kJ kJ
- 1— =0.9 (2608.9 —— 1(251.42 == ) =2373.2 ——
hy = xhy + (1 — x)hy 09( 608.9 kg) +0 ( 5 kg) 3732 1
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State 1 State 2 State 3 State 4
Pressure | 10 MPa 20 kPa
Temperature 500°C 60.06°C 40°C
Enthalpy | 3375.11  2373.21
Quality - 0.9

State 3 Properties

To find the properties of State 3, we refer to Section 4.3.4. The key assumption for
us here is that the pressure will remain constant across the condenser. This gives us
a pressure of ps = 20 kPa, which allows us to find the rest of the properties.
Unfortunately, we run into a small hitch in this process, which is that the most
relevant chart, Appendix A.4 does not have data anywhere near 20 kPa. We therefore
use the assumption that the enthalpy will be very near the enthalpy of saturated
water at 40°C. This gives us an enthalpy of hg = 167.53 %'

Alternatively, we can use CoolProp to determine the properties, including the effect
of the slightly higher pressure. After our normal setup, we use the following command
(converting to Pascals and Kelvin as needed):

print( CP.PropsSI('H', 'P', 20e3, 'T', 40 + 273.15, 'water') )

This command returns a value of 167544.2, which, according to Table 2.1, has units
of J/kg. Converting to kJ/kg, we get that hg = 167.54 lﬁ—;, which is functionally
equivalent to the value from the tables.

State 4 Properties

To find the properties of State 4, we refer to Section 4.3.2 and Section 4.3.3.
The assumption that boilers operate under constant pressure allows us to set
p4 = p1 = 10 MPa, while the assumption that pumps operate under constant tem-
perature allows us to set Ty = T5 = 40°C. The enthalpy after the pump can therefore
be read directly from Appendix A.4 as hy = 176.36 %.

Alternatively, if the tables are not so clean, we can follow the methodology from
Equation 4.10:

Ah=vAp — hs—hs=v(ps—Dp3)

kJ 3 kJ
hy = 167.54 — +0.001 —— (10, 000kPa — 20kPa) = 177.52 -
kg kg kg

While this is not perfect, it is a fair approximation.
This allows us to complete our property table.
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State 1 State 2 State 3 State 4
Pressure 10 MPa 20 kPa 20 kPa 10 MPa

Temperature 500°C 60.06°C 40°C 40°C
Enthalpy | 3375.1 % 2373.2 }%g‘ 167.54%1_ 176.36%
Quality - 0.9 - -

p-h Diagram

With the pressure and enthalpy defined for each state, we can now complete our
p-h diagram. Ah for each process can be clearly seen by looking at the horizontal
distance between the two states. Thus we see that the heat added in the boiler is
the largest contribution, while the work done by the pump is negligible.
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Additionally, plotting our cycle on the p-h diagram allows us to double check our
enthalpies at each state. We can see that h; is about 3400 kJ /kg, hs is approximately
2300 kJ/kg, and both hs and hy are between 100 and 200 kJ/kg. These match our
calculated values and let us know we are on the right track.

Process Work and Heat Transfer

With our enthalpies calculated, it is straightforward to calculate the work and heat
transfer for each process. Both pumps and turbines are typically assumed to be
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adiabatic, meaning that we can say wu,-» = h1 — ho = 1002 lﬁ—g and Wpymp =
hy —hy =11 Iﬁ—g. Both of these are typically defined to be positive, even though the
turbine results in positive work, while the pump is associated with negative work.
Likewise, no work occurs in the condenser or boiler, meaning that qpo;; = h1 — hy =
3199 t—g and @eong = ho — hy = 2206 i—;. Again, both heat transfers are defined to
be positive, even though the condenser removes heat from the system.

The w and ¢ values are all mass-specific. In order to find the actual values for the
power plant, we need to multiply by the mass flow rate, 1.

: k kJ
Wiirb = 1 Weary = 8 ?g 1002 e 8016 kW = 8.0 MW
~ k kJ
Whump = 110 Wpump = 8 ?g 11 e 88 kW = 0.088 MW

: k kJ
Qboil =1 Qroil = 8 ?g - 3199 ke = 25,592 kW = 25.6 MW

: k kJ
Qeond = M Qeond = 8 ?g 2206 (5 = 17,648 KW = 17.6 MW

Thermal Efficiency

Finally, we can calculate the efficiency of the process. The net work is simply wpe; =
Wiyrb — Wpyump, and the heat transfer into the system occurs solely in the boiler:

qin = 4boil -
kJ kJ
Wnet Wiyrb — Wpump 1002 kg 11 kg

- - _ — 0.310
T Dooil 3199 &

Thus, the thermal efficiency of the system above is 31.0%. Neglecting the work from
the pump results in an efficiency of 31.3%. Clearly it is more accurate to include
the work spent on running the pump, but there is a question whether the increased
accuracy justifies the extra work in this case. Quite frankly, there are other losses
and assumptions that are substantially more significant, and unless we address those,
neglecting the pump is perfectly reasonable.

4.5 Modifications to the Rankine Cycle

The Rankine cycle is a good baseline to understand steam power plants. However, most
power plants require additional components to create an accurate model. Most commonly,
there is not a single turbine, but several, typically labeled as “high pressure” and “low
pressure” turbines. Functionally, there is no difference between having a single turbine or
multiple turbines, except that it provides an opportunity to do something with the steam
in between.

Section 4.5.1 looks at the possibility of re-heating the steam in between the high pres-
sure and low pressure turbines. The power plant in Section 4.5.2 extracts some of the steam
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between the turbines and mixes it with cold water before the pump in a process called
regeneration.

Other modifications to the cycle include getting heat from more than one source in a
hybrid plant, or using excess heat for other purposes (known as cogeneration). These
modifications are looked at in the homework problems for this chapter.

4.5.1 Rankine Cycle with Reheat

The Rankine Cycle with reheat includes a separation between the low pressure and high
pressure turbines, which allows for steam to be sent back to the boiler. The steam is
reheated either to around the same temperature as State 1, and is then sent to the low
pressure turbine. As before, the boiler does not change the pressure of the steam in the
reheat process.

Example 4.2: Nuclear Power Plant with Reheat

Modern nuclear power plants typically use pressurized water to transport heat outside
of the core. Because of this, they tend to be rather limited in temperature (one of
the benefits of molten salt nuclear reactors is the ability of the salt to transport heat
at much higher temperatures).

For this example, we are looking at a steam turbine loosely based off of General
Electric’s steam turbines for nuclear applications. The high-pressure turbine inlet
pressure and temperature will be 7.5 MPa and 300°C, respectively. After the high-
pressure turbine, the steam goes back to the boiler and is again heated to 300°C.
This lower pressure steam is sent to the low-pressure turbine, after which it finally
goes through the rest of the cycle. The diagram for this is shown in the figure below.

P Wo'u,t

State 1 LP Turbine

1 State 2
_ State 4

Q i _ State 3
in Boiler
Condenser

State 6

Qout
Pump StaIe 5

Solution Methodology

In this example, we will first build the p-h diagram, then fill out the table of properties
afterwards. We know that State 1 is at 7.5 MPa and 300°C from GE’s specifications.
We will choose State 2 to be 2.5 MPa, with a quality of 0.9. State 3 will have the
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same pressure as State 2, but with a temperature of 300°C again. Again, we choose
a quality of 0.9 for State 4, this time with a pressure of 100 kPa. The condenser will
cool the water at State 5 to 60°C, still with a pressure of 100 kPa. Finally, the pump
will maintain a temperature of 60°C for State 6, but return the pressure to 7.5 MPa.
With this information, we will be able to perform the following:

Plot the cycle on a p-h diagram, using temperature, pressure, and quality lines
to find the states.

Complete a table of properties for each state.
Determine the work extracted from the turbines per kg of steam.

Determine the total energy needed from heat transfer in the boiler and reheat
processes per kg of steam.

Find the amount of heat rejected by the condenser per kg of steam.

Determine the amount of work required to run the pump per kg of steam.
Compare values from CoolProp and using the incompressible assumption.

Find the mass flow rate of steam needed to generate 450 MW of power in the
turbines.

Find the efficiency of the power plant and the total heat transfer rate required
from the nuclear reactor.

p-h Diagram
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The beauty of the p-h diagram is that we can get a picture of the cycle without ever

looking at tables.

o The relatively low temperature of State 1 means that the HP Turbine cannot
extract much work without bringing the steam below a quality of 0.9.

e The heat absorbed in the reheat process is substantially less than the original

boiling.

e The LP turbine is able to extract much more heat than the HP turbine, in

conjunction with a much larger pressure drop.

Property Table

The properties of States 1, 3, and 6 are simple table look-ups (with interpolation
required for States 1 and 6). States 2 and 4 require use of Equation 2.1, and State 5
can either be assumed to be equivalent to saturated water at 60°C or evaluated using
CoolProp. The table below is populated purely from CoolProp, so small differences
may be present compared to interpolation of tables. Quantities in black are taken

from the problem statement, and quantities in red are calculated.

State | Pressure Temperature Enthalpy Quality
1| 7.5 MPa 300°C 2814.4 % -
2 | 2.5 MPa 224°C 2617.9 0.9
3 | 2.5 MPa 300°C 3009.6 £ -
4 | 100 kPa 100°C 2449.2 1 0.9
5 | 100 kPa 60°C 251.3 %{ -
6 | 7.5 MPa 60°C 257.5 2 -

Turbine/Pump Work, Boiler/Reheat/Condenser Heat Transfer

The specific work obtained from each turbine is exactly the difference in enthalpy

between the states, due to the assumption of adiabatic turbines. Thus:

kJ kJ kJ

wgpr = hy — hy =2814.4 k—g —2617.9 k—g = 196.5 k—g

kJ kJ kJ

wrpTr = h3 — h4 = 3009.6 k7g — 2449.2 k7g = 560.4 k7g
kJ

Wiyry = WHPT + Wrpr =|756.9 —
kg

The pump can be found the same way:

kJ kJ kJ
Wpump = he — hs = 257.5 k—g —251.3 k—g =6.2 k—g

103




104 CHAPTER 4. THE FIRST LAW FOR OPEN SYSTEMS

Alternatively, we can use Equation 4.10:

m? kJ
Wpump = 0.001 k—g (7500 kPa — 100 kPa) = | 7.4 @

We'll use the CoolProp value of 6.2 Iﬁ—g.
Similarly, there is no work that occurs in the boiler or reheat cycle, meaning we can
again use the difference in enthalpy:

kJ kJ kJ
Qvoiler = h1 — he = 2814.4 — —257.5 — = 2556.9 —
kg kg kg
kJ kJ kJ
Greheat = hg — ho = 3009.6 — — 26179 — =391.7 —
kg kg kg

kJ

Gin = Whoiler + Wreheat = | 2948.6 ki
g

Finally, we can calculate the heat transfer in the condenser, again assuming no work
occurs:

k k k
Geond = ha — hs = 2449.2 kI 251.3 K _ 2197.9 kJ
kg kg kg

Mass Flow Rate of Steam, Efficiency, and Total Heat Transfer

Using the requirement of 450 MW of net power, we can find the mass flow rate
through the equation Wi,e; = mwnes:

We 450 MW k
L = - = |599.4 2
Wtyrb — Wpump 756.9 kg 6.2 ke S

m:

The efficiency can be found with the total work from the turbines, the work from
the pump, and the total heat in from the boiler and reheat processes:

756.9 1;—; —62 K

w — w
ik = turb pump __ 50156 0 kg =125.5%
kg

Qin

This efficiency is not great, and a good part of the reason for that is the low maximum
temperature of the cycle. However, the cost of nuclear fuel tends to be substantially
cheaper than the cost of coal or natural gas, meaning that in kJ/$, this power plant
may be cheaper to operate than an similar sized coal-fired or gas-fired plant.

We can find the necessary amount of heat from the reactor one of two ways. First,
we could use the efficiency, which works equally for extensive or intensive values.
Alternatively, we could use the mass flow rate of steam to find the extensive equivalent
of ¢;,,. Both will give the same result, albeit with the possibility of rounding error.

. k kJ
Qin = 1qin = (599.4 Sg> (2948.6 kg) —[1.768 GW

Thus, we need our nuclear reactor to generate about 1.77 GW of heat.
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4.5.2 Rankine Cycle with Regeneration

There are a number of ways to increase the efficiency of steam power plants. In general,
increasing the maximum temperature is the most straightforward method. However, higher
temperatures also require more heat-resistant materials, which can drastically increase pro-
duction costs or simply not be available.

The other primary method is making use of the waste heat in one way or another.
One way of doing this is through cogeneration systems. Cogeneration refers to the
simultaneous generation of electric and thermal energy. While this is typically easier to
design for industrial applications, where large sources of heat are useful, it has also been
developed for residential power, where the waste heat can be used to heat water or for the
heating side of air conditioning.

The following example will use waste heat (residual heat in the steam after work is
extracted) to preheat the incoming cold feedwater, which allows us to use less fuel in the
heating process.

Example 4.3: Supercritical Steam Power Plant with Feedwater Heater

In this example, we are again looking at a steam turbine from General Electric. This
steam turbine is designed for “ultra-supercritical” steam, which is typically defined
as steam with temperature in the range of 700°C and pressures up to 35 MPa.
Specifically, our turbine will be designed for a main steam temperature of 650°C, a
main steam pressure of 33 MPa, and a reheat steam temperature of 670°C. We will
choose a power output of 1,000 MW for the plant.

Additionally, we will include consideration of a feedwater heater, which mixes steam
from after the HP Turbine with cold water from the condenser. This mixing vessel
will also serve as a de-aerator (see Section 4.3.8), though this does not significantly
impact our thermodynamic analysis.

State 1 HP LP Turbine .
Turbine Wout
m
)
Reheat
C 1 State 2
(1 -y ! State 4
: State 3
Qin Y (1—y)m
. Condenser
ym
Steam
Generator @ State 8
A
State 6 Qout
Feedwater m (1—y)m
Pump State 7
Condensate State 5
Feedwater Heater
Pump

(mixer & deaerator)



https://www.ge.com/steam-power/products/steam-turbines

106 CHAPTER 4. THE FIRST LAW FOR OPEN SYSTEMS

This system is referred to as a regenerative reheat cycle, and we will find that this
simple extension of our previous system, along with the significantly higher maximum
temperature, will result in an increase in thermal efficiency of the power plant.
Note in particular the mass fraction of steam, y, that is taken directly from
the outlet of the HP turbine to the feedwater heater. The remainder, 1 — y, goes
through reheat, the LP turbine, and the condenser. Also, we’ve changed the name of
the boiler to a steam generator, since we are heating at supercritical temperatures,
where boiling is not defined.

Solution Methodology
p-h Diagram

In order to build the p-h diagram, we need to define some additional parameters.
First off, the outlet of the HP turbine will be at 1.5 MPa and 200°C. This also sets
the pressure of the LP turbine inlet and the pressure of the feedwater heater. The
outlet of the LP turbine will be at 10 kPa and 60°C. The condenser output water
at 30°C, and the feedwater heater will output saturated water. This is sufficient to
define all 8 states.
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Note that only (1 — y)m of steam goes through States 3-6, while yri of steam goes
directly from State 2 to 7. This results in less work output from the LP turbine, but
also significantly less energy required from the boiler. The net effect is better thermal
efficiency from the cycle as a whole. Otherwise, we will use our state definitions
to find the enthalpy of each state, and analyze the cycle in a very similar way to
Examples 4.1 and 4.2.




4.5. MODIFICATIONS TO THE RANKINE CYCLE 107

Property Table

As in Example 4.2, most properties are simple table look-ups, often with interpola-
tion. States 5 and 6 require either the assumption of equivalence to saturated water
at the same temperature, or evaluation with CoolProp. The property table below
was generated solely with CoolProp. Quantities in black are taken from the problem
statement, and quantities in red are calculated.

State | Pressure Temperature Enthalpy Quality
1| 33 MPa 650°C 3576.2 12 -
2 | 1.5 MPa 200°C 2796.0 £ -
3| 1.5 MPa 670°C 3852.6 -
4| 10 kPa 60°C 2611.2 -
5| 10 kPa 30°C 125.7 1;71 -
6 | 1.5 MPa 30°C 127.1 § -
7 | 1.5 MPa 198°C 844.6 0.0
8 | 33 MPa 198°C 859.1 2 -

We can check these values against the approximate locations of the States in the p-h
diagram, and we see that each of the enthalpies is reasonable.

Finding y

The big unknown of the analysis at this point is the mass fraction of steam that
goes directly from State 2 to State 7. In order to perform this analysis, we look at
Equation 4.11:

mouthout = Zmlnhzn
A hy = ywihe + (1- y)ﬁ.'L/h6
hr — he = y(h2 — he)
by —hg
Y= by —he

Plugging in values here gives us the following:
kJ

844.6 X _ 1271 K
y = = e =10.269 = 26.9%
2796.0 £ —127.1 £

Thus, 26.9% of the steam is diverted to the mixer, while 73.1% is reheated and sent
to the LP turbine.
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Turbine/Pump Work, Boiler/Reheat/Condenser Heat Transfer

The analysis here is nearly identical to that done in Example 4.2, with the exception
of some change in State numbers for the pumps. Additionally, we will wait to lump
together the turbines and heats until we can calculate the mass flow rates of steam
through each component.

The turbines are found through the difference in enthalpies:

kJ kJ kJ
wgpr = h1 — he = 3576.2 @ —2796.0 k—g =|780.2 k—g

k k k
wrpr = hg — hy = 3852.6 k—g —2611.2 k—; =1241.4 é

The pumps can be found the same way:

kJ kJ kJ
Wpump,5—6 = h6 - h5 =127.1 kig —125.7 k7g =|1.4 kig

kJ kJ kJ
Wpump,7—8 = hg — h7 = 859.1 k7g — 844.6 kig =14.5 @

Again, we could use Equation 4.10, though we choose to skip that analysis for this
cycle.

There is no work that occurs in the boiler or reheat cycle, meaning we can again use
the difference in enthalpy:

kJ kJ kJ
oiter = h1 — hg = 3576.2 — — 859.1 — =|2717.1 —
qboil 1 8 ke ke ke
k k k
Greheat = hs — hg = 3852.6 Lo 2796.0 L 1056.6 k]
kg kg kg

Finally, we can calculate the heat transfer in the condenser, again assuming no work
occurs:

kJ kJ kJ
Geond = ha — hs = 2611.2 —— — 125.7 —— =|2485.5 —
kg kg kg

Mass Flow Rates of Steam, Efficiency, and Total Heat Transfer

The total mass flow rate, 1, must be sufficient to provide 1,000 MW of net power. We
can calculate the net power, accounting for the mass fraction of steam that bypasses
the LP Turbine, as follows:

Whet = mwgpr + (1 - y)mePT - (1 - y)mwpump,E)fG - mwpumpJfS

Thus, we are looking at the mass flow rate through each component to determine
its contribution to the net work. Alternatively, we could define W,¢; = mwy,e, and
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calculate the following;:

Wnet

Wnet = =wypr + (1 - y)wLPT - (1 - y)wpump,5—6 — Wpump,7-8

Plugging in numbers, we get the following;:

k k k k k
Whet = 780.2 kJ +0.731 (12414 LD 0.731( 1.4 LN 14.5 K _ 1672.1 kJ
kg kg kg kg kg

Calculating 7 is now trivial:

. Whet 1,000 MW kg
m= = o = 598.1 —
Wnet 1672.1 ke S

Defining Qin = 1 Gin = M Qpoiler + (1 — y)m qreheat, we calculate the following for
Qin:

kJ kJ kJ
Tin = Qroiter + (1 = Y)Grenear = 2717.1 — +0.731 ( 1056.6 — | = 3489.5 —
kg kg kg

This allows us to calculate our efficiency:

1672.1 &

Neh = u;’_‘et ST K8 — 0479 =[47.9%

ke

This is greatly improved from the efficiencies found in the previous examples of this
chapter.
As a side-note, if we had chosen to forego the feedwater heater, we would have

increased wye; to 2005.7 1%, due to the increased mass flow rate in the LP turbine.

However, we would have simultaneously increased ¢;, to 4491.2 lﬁ—J, because of the
increased heating load on the boiler, as well as the increased mass ﬁow rate through
the re-heater. Without the feedwater heater, the cycle would have had an efficiency
of only 44.7% (which is still much better than the previous examples).

Finally, we will look at the total heat transfer required from the boiler and re-heater.

: k 1J
Qin = 11 qin = <598.1 f) (3489.5 kg) —[2.087 Gw

Assuming perfect combustion, this requires 72 kg of high-quality (bituminous) coal
a second, or 6200 tons of coal a day.

109




110 CHAPTER 4. THE FIRST LAW FOR OPEN SYSTEMS
4.6 Refrigeration Cycle

4.6.1 Types of Refrigerants

Refrigeration cycles typically do not use air or steam. Instead, a great deal of chemical
research is focused around finding substances that have p-h curves that are significantly
more conducive to the refrigeration cycle.

In the early days of refrigeration, the two refrigerants in common use were ammonia
and carbon dioxide. Both were problematic - ammonia is toxic and carbon dioxide requires
extremely high pressures and pressures (roughly 100 atmospheres and 160°C).

In the last century or so, a large number of different refrigerants have been manufactured.
The Heating, Refrigeration, and Air Conditioning Institute of Canada maintains a list of
refrigerants with possible uses and dangers, including flammability, toxicity, and possible
damage to the environment.

R12 (Phase-out started 1989) / R22 (Phase-out started 2010)

When the refrigerant R12 (dichloro-diflouro-methane) was discovered it took over as the
refrigerant of choice. It is an extremely stable, non-toxic fluid, and it operates at pressures
always somewhat higher than atmospheric, so that if any leakage occurred, air would not
leak into the system. Thus, a technician can recharge a refrigeration system without having
to apply vacuum.

Unfortunately when the refrigerant does ultimately leak, it will make its way up to the
ozone layer. The ultraviolet radiation from the sun breaks up the molecule, it releases the
highly active chlorine radicals, which deplete the ozone layer. Because of this environmental
problem, R12 and other chloro-fluoro-carbons (CFCs) have since been banned from usage
on a global scale.

For home air conditioning, most new units starting in the 1980s were using R22, which
became the standard as Freon 12 was phased out. R22 has 5% of the ozone depletion
potential of R12, but this is still considered too high for safe use. Currently, R22 cannot
be produced or imported, and current units using R22 must rely on recycled or stockpiled
materials.

R134a (Phase-out started 2021) / R410a (Phase-out starts 2025)

In order to replace R12, chlorine free R134a (tetraflouro-ethane) was introduced for automo-
tive air conditioners. R410a has been the most common replacement for R22 in residential
HVAC systems in the last decade. Neither R134a nor R410a is known to cause ozone
depletion.

Recently, however, the international scientific consensus is that Global Warming is caused

by human energy related activity, and various man made substances are defined on the basis
of Global Warming Potential (GWP) with reference to carbon dioxide (GWP=1).

R134a has been found to have a GWP of 1300 and, as of model year 2021, automobile
air conditioning systems will be barred from using R134a as a refrigerant. Likewise, R410a
has a GWP of 2088, and has a phasedown beginning in 2025.


https://www.hrai.ca/uploads/userfiles/files/refrigerant_table_June2019.pdf
https://www.hrai.ca/uploads/userfiles/files/refrigerant_table_June2019.pdf
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Replacements for R134a

The option to replace R134a that has been adopted by most car manufacturers is the refrig-
erant R1234yf. R1234yf has a GWP of around 1 (roughly the same global warming potential
as carbon dioxide), but is somewhat flammable. The risk of fire due to the refrigerant is
negligible, but additional safety requirements have been set in place by the EPA.

Alternatively, a return to carbon dioxide (R744) is suggested. As mentioned before,
this requires a much higher pressure than other refrigerants, and results in a much higher
compressor temperature. There are no vehicles currently using R744, but several foreign
automobile manufacturers are exploring its use.

Replacements for R410a

New residential air conditioning systems are changing from R410a to R32. Like R1234yf,
R32 has a lower GWP (around 677). Ironically, R410a is a mixture that contains R32 and
R125. R32 requires a slightly higher pressure than R410a, but significantly less refrigerant.
While this is an improvement over R410a, it will likely be phased out in the next several
decades as research into refrigerants with lower GWP continues.

4.6.2 Refrigeration

State 2
*
Condenser Win
Compressor
Qout
State 1
State 3
Evaporator
Throttle
State 4

Qin

Figure 4.17: Diagram describing the refrigeration cycle.

Refrigeration cycles typically consist of a compressor, condenser, throttle, and evaporator.
State 1 begins at low temperature, immediately before the compressor. Work is applied
through the compressor in Process 1-2, which increases the pressure and temperature, and
also provides the energy to move the fluid through the cycle (see Section 4.3.2). State 2
is the highest temperature point of the cycle. In Process 2-3, heat is extracted from the
system (added to the environment) at high temperature from the condenser (see Section


https://www.epa.gov/mvac/refrigerant-transition-environmental-impacts
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4.3.4). State 3 is either saturated liquid or supercooled liquid. The throttle reduces the
pressure across Process 3-4, similar to a turbine, but with no work extracted (see Section
4.3.6). State 4 is a mixture of liquid and vapor at low pressure and temperature. The
evaporator in Process 4-1 adds heat to the system (extracts heat from the environment) at
low temperature (see Section 4.3.3), and brings the system back to State 1.

As in the Rankine Cycle, only heat transfer occurs in the evaporator and condenser, as
there are no moving parts in those components. The compressor is the only component that
does work, and neither work nor heat transfer occurs in the throttle.

When considering efficiency, we look at the coefficient of performance, as originally
defined in Section 3.5.

COPp = Qin _ Gin

|Wnet| B ‘wn€t|

The net work for the refrigeration cycle comes solely from the compressor: Wper = Weomp-
The heat transfer into the system (and out of the environment) comes from the evaporator,
SO Gin = Yevap-

10 MPa T T

5 MPa - } | | ‘

2 MPa + ‘ ‘

1 MPa -

oC.

,/'/OGC =

500 kPa - \

| Compressor,
\‘ i t )
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A AV Eya porator
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~
I~
T/
20 kPa ! ; ; , ! !
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Figure 4.18: The states and processes of the refrigeration cycle shown on a p-h diagram.

Because no work occurs in the evaporation process, and no heat transfer occurs in the
compressor, Equation 4.8 can again be used trivially for both components:

. 0.
mAhl—Q :Q’l—/2'_ W1—2 — Weomp = hl - h2
0
mAhy 1 = Q41 _WI—/Q' — Qevap = N1 — hy
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Note that weomyp is actually negative, as ho will be larger than h;. This makes sense, as
we are spending work to effect heat transfer from cold to hot.
We can rewrite the coefficient of performance using only the state enthalpies as follows:

eva hi—h
COPy = Jever. _ 217 4

= 4.1
Weomp ha — hy ( 5)

Note that it is possible to have a COP that is greater than 1. In fact, most residential
HVAC units have COP values around 4, and the COP for AC units in cars is usually
between 2 and 3.

The refrigeration cycle can also be used as a heat pump. The effect of a heat pump is
still to move heat from cold to hot, but in this case our goal is to heat up an already warm
environment, rather than cooling an already chilled environment. In this case, the “output”
is the heat entering the environment from the condenser, geond-

In this case, we find that the coefficient of performance is as follows:

COPyp = dcond ha — h3

= 4.16
Weomp h2 - hl ( )

The coefficient of performance for a heat pump will always be exactly 1 greater than
that for a refrigerator (COPyp = COPg + 1).
Example 4.4 contains an more detailed analysis of a simple refrigeration system.

Example 4.4: A Basic R134a Vapor-Compression Refrigeration System

A residential HVAC system uses R134a to transport heat out of the cooled living
space and into the warmer outdoor environment. The refrigerant will be 60°C leaving
the compressor (hot enough to lose heat to the environment on a hot summer day),
and 5°C entering the evaporator (cold enough to take heat from the indoor space, but
warm enough to avoid collecting freezing water vapor on the evaporator coils). The
pressure in the condenser will be 1.2 MPa, the temperature leaving the condenser
will be slightly supercooled at 40°C, and the temperature leaving the evaporator will
be slightly superheated at 10°C. Using this information, do the following:

a) draw each of the states and processes on the p-h diagram for R134a

b) find the power of the compressor

¢) find the heat transfer rates of the evaporator and condenser

)
)
)
d) calculate the coefficient of performance (COP) of the system, either as a re-
frigerator or as a heat pump

Solution Methodology

As before, we will use the information provided in order to plot the states and
processes on the p-h diagram (this time for R134a). Once we have the diagram,
we will find the enthalpy of each state using either CoolProp or interpolation from
tables. Finally, we can find the various power and heat transfer rates, which will
lead to the coefficient of performance.
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p-h Diagram
In order to plot the p-h diagram, we do need some additional properties:

e The temperature of State 1 is defined as 10°C, but we need to find the pressure
in the evaporator.

e State 2 is fully defined, with a pressure equal to the condenser pressure of 1.2
MPa, and the outlet temperature of the compressor defined as 60°C.

o State 3 is fully defined, again using the condenser pressure, but with a temper-
ature of 40°C.

e State 4 again needs the pressure in the evaporator, though we know the tem-
perature is 5°C.

The pressure inside the condenser is related to the temperature of state 4, as it is
a saturated liquid-gas mixture. We can therefore find the pressure from Appendix
B.1. Some quick interpolation gives us ps = p; = 350 kPa. With that, everything is
defined, and we can create the diagram.

10 MPa . 7 ‘ ‘

SN 120C

5 MPa - |

2 MPa ‘

" Condenser

1 MPa -
| : 7
Throttle “f -20c

Y

500 kPa -

Pressure

‘Evaporator
200 kPa

/20°C,

100 kPa -

50 kPa 1

20 kPa T T T T
100 50 300 350 400 450 500

Enthalpy [kj/kg]

150

Property Table

We now know the pressure and temperature of each state, but this is actually not
enough to define the enthalpy of State 4, as it is in the saturated region. Fortunately,
because Process 3-4 is a throttle (which are isenthalpic), the enthalpy of State 4 will
be equivalent to that of State 3. As before, CoolProp is used for all enthalpies,
properties in black are taken from the problem statement, and quantities in red are
calculated.




4.6. REFRIGERATION CYCLE

State 1 State 2 State 3 State 4
Pressure | 350 kPa 1.2 MPa 1.2 MPa 350 kPa

Temperature 10°C 60°C 40°C 5°C
Enthalpy | 406.1 {2 437.8 £ 256.4 2  256.4
Quality - - - 0.25

Once again, each of the values for enthalpy matches well with the locations of the
States in the p-h diagram.

Compressor Work, Evaporator/Condenser Heat Transfer

Because the compressor is assumed to be adiabatic, and there are no moving parts
in the evaporator or condenser, the specific work and heat transfer can be found
directly through the difference in enthalpies.
The compressor sits between States 1 and 2:

kJ kJ kJ
Weomp = ho — h1 = 437.8 k—g —406.1 k—g =|31.7 @

The condenser is between States 2 and 3, and the evaporator is between States 4
and 1:

kJ kJ kJ
cond = ha — hy = 437.8 — — 256.4 — = |181.4 —
Geona = hz = hy = 437.8 10 = 256.4 1 = | 1814
kJ kJ kJ
evap = h1 — hy = 406.1 — — 256.4 — =|149.7 —
Gevap = h1 = hy = 406.1 17 = 256.4 1 97 e

There is no work or heat transfer associated with the throttle.

Coefficients of Performance

This system is designed for refrigeration of a living space, so we are primarily inter-
ested in the heat absorbed by the evaporator, geyap. This means that the coeflicient
of performance can be calculated as follows:

149.7 &
COPR: Gevap o kg

= =4.72
Weomp  31.7 };é‘

This is significantly higher than typical coeflicients of performance for residential AC,
which usually run between 2 and 4. Likely, this means that our compressor is too
efficient, and a real compressor for this system would require more energy in order
to create the same increase in pressure.

If the goal of this refrigeration unit was instead heating up the inside of the home,
and the evaporator and condenser temperatures were exactly the same (reasonable
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for a chilly day, with an indoor temperature around 20°C), we would instead use the
condenser heat transfer to calculate the coefficient of performance:

Geva 181.4 t;]
COPyp = —% = = =5.72
wcomp 3]..7 k7g

This value is exactly 1 higher than C'O Pg, which matches our analysis of the Stirling
Cooling cycle back in Section 3.5.

4.7 Summary

In this chapter, we analyzed several variations of the Rankine Cycle, including both reheat
and regeneration. The Rankine Cycle is commonly used in steam power plants. Additionally,
we looked at the vapor-compression refrigeration cycle, which is commonly used in air
conditioning units and refrigerators.

Each of these cycles used the First Law of Thermodynamics, modified for open systems:

Ah=q—w

Because we used steam or refrigerant R134a for our examples, we were typically given
enough information to find the enthalpies of each state, with only constant pressure processes
being used to jump between states. Tables are provided to calculate these properties through
linear interpolation, or CoolProp can be used to find properties directly.

Finally, we considered the efficiency of systems, which is defined as the thermal effi-
ciency, n, for power plants, and as the coefficient of performance, COPgr or COPyp for
refrigerators or heat pumps:

_ Wnet
Nth =
qQin
Geva
COPp = =2
Weomp

COPHP _ Gcond

Weomp



4.7. SUMMARY 117

Chapter 4 Homework:

Question 4.1: Thinking about the energy equation, how do we get the enthalpy term?
What concept gives us the additional term to change u into h?

Question 4.2: What does the dot mean in 72, W, and Q? What units do each of those
terms have?

Question 4.3: For an adiabatic process, how would we represent work on a p-h diagram?
Question 4.4: Why are the constant temperature lines vertical to the left and right
of the p-h diagram? Is enthalpy more dependent on temperature or pressure in those
regions?

Question 4.5: Why is the constant temperature line horizontal in the central point of
the diagram? Assuming constant temperature, what is the primary property that would
determine enthalpy in that region?

Question 4.6: Which components add or remove energy as work from a system?
Question 4.7: Which components add or remove energy as heat from a system?
Question 4.8: Which components move heat within the system?

Question 4.9: Which components do not add or remove energy as either work or heat?

Question 4.10: What limitations are placed on pumps and turbines? (i.e. where in the
p-h diagram are they allowed to operate?)

Question 4.11: What four components are present in the Rankine cycle?
Question 4.12: Why do we sometimes neglect the energy to run the pump?

Question 4.13: How do we define efficiency for a Rankine cycle? What are we “getting
out” of the cycle? What are we “putting in”?

Question 4.14: What value did the reheat process add? Thinking about Example 4.2,
what would have happened without re-heating? What would the quality have been at
the outlet of the LP turbine? Is that acceptable for turbines?

Question 4.15: How did the efficiency equation change when we considered a reheat?
Question 4.16: What value did regeneration add in Example 4.37 Without regeneration,

what happens to the heat added in the steam generator? What happens to the total work
output? What happens to the efficiency?

Question 4.17: What has motivated the change in refrigerants over the years?
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Question 4.18: What makes R1234yf preferable to R134a? What makes it worse?
Question 4.19: Why do we use a throttle instead of a turbine for a refrigeration cycle?
Question 4.20: A furnace directly burns fuel to heat homes. How does this differ from

a heat pump? What about electric space heaters? For each, what are we paying for to
get the end product of heat inside our house?

Question 4.21: Do refrigerators move heat from cold to hot? If so, how?
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Question 4.22: A small community of about 500 households have discovered an under-
ground geothermal brine source that can be used to boil water at 100°C and would like
to use this to generate power. The following diagram shows the initial design of a low
pressure geothermal plant in which the water is boiled by the geothermal source to 100°C
and subsequently superheated to 200°C by a wood-fired superheater. Notice that the
high pressure of the system is at 100kPa allowing a convenient de-aerator to be placed at
the pump outlet.

| P5 = 100KPa
TS = 100°C

steaim miass flow
rate = 25 kgh

RN = P
—Z:( j_—lv-

100°C Geothermal Sowrce

a) Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for water,
indicating clearly all 5 stations on the diagram.

b) Assuming that the turbine is adiabatic, determine the power output of the turbine
[729kW].

c) Assuming that the feedwater pump is adiabatic, and that the compressed liquid
experiences no change in temperature while passing through the pump, determine
the power required to drive the pump [0.23kW].

d) Using steam tables, determine the heat transferred to the boiler [6271kW] as well
as the heat transferred to the superheater [500kW].

e) Determine the overall thermal efficiency 7, of this power plant [11%]. (Thermal
efficiency is defined as the net work done by the system (turbine and feedwater
pump) divided by the total heat supplied externally). Is this the best measure of
efficiency for this power plant?

f) Discuss the proposed system with respect to its environmental impact and feasi-
bility. Is this a well designed system? What do you consider to be the major
advantages and disadvantages of this system? Your discussion should include a
comparison of the external fuel used and the turbine power.
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Question 4.23: We wish to evaluate the proposed Solar-Pond Steam Power Plant shown
in the following diagram. A solar pond is a large body of water having a varying salinity
gradient (halocline) which traps the sun’s energy such that the storage layer at the bottom
of the pond can reach temperatures of greater than 100°C. The diagram following shows
the initial design of a low pressure solar-pond steam power plant, using the storage layer
as the boiler heat source, and the upper layer as the heat sink. Notice the wood-fired
superheater in which the steam at the outlet of the boiler is heated from 100°C to 250°C.

7

Solar Pond Steam Power Plant

Pump P2 = 10kPa
P4 =P1 sat. vapor
T4="T3 o P3=P2
@__ Wp sat liquid

Upper laver .o
('%p: 35%) Condenser Qg

steam mass flow
rate =25 kek

a) Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for water,
indicating clearly all 5 stations on the diagram.

b) Assuming that the turbine is adiabatic, determine the power output of the turbine
[976kW].

¢) Assuming that the feedwater pump is adiabatic, and that the compressed liquid
experiences no change in temperature while passing through the pump, determine
the power required to drive the pump [0.23kW].

d) Using steam tables, determine the heat transferred to the boiler [6210kW] as well
as the heat transferred to the superheater [747kW].

e) Determine the overall thermal efficiency 7, of this power plant [14%]. (Thermal
efficiency is defined as the net work done by the system (turbine and feedwater
pump) divided by the total heat supplied externally). Is this the best measure of
efficiency for this power plant?

f) Discuss the proposed system with respect to its environmental impact and feasi-
bility. Is this a well designed system? What do you consider to be the major
advantages and disadvantages of this system? Your discussion should include a
comparison of the external fuel used and the turbine power.
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Question 4.24: In an effort to decentralize the power grid and utilize the waste heat
which accompanies power generation, the Athenai Power Consulting Corp. has proposed
a Cogeneration system for O’Bleness Hospital to provide both 500 kW electric power and
hot water at 60°C. The basic approach to this unique design is shown in the following
schematic diagram:

a)

4 MPa, 450°C @

hot water
distribution
pump system ] foon
G =P s

=60°C

W

Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for water,
indicating clearly all 8 stations on the diagram.

Determine the mass flow rate of the steam through the cycle required in order to
provide the turbine output power of 500kW [0.691 kg/s].

Determine the power required to drive the feedwater pump [2.69 kW].

Determine the overall thermal efficiency 7, of this power plant. (Recall that ther-
mal efficiency is defined as the net work done divided by the total heat supplied
externally to the boiler [23%].

Determine the cooling power in the condenser required to condense the steam exiting
the turbine at station (2) and subcool the condensed steam to 60°C at station (3)
[1628 kW].

Assuming that the water in the hot water distribution system is heated from 25°C
to 60°C, and that no river cooling is provided, determine the mass flow rate of the
hot water required to subcool the condenser water to 60°C [11.1 kg/s]

In the lull period when no hot water is required, determine the mass flow rate of
water from the Hocking River required to subcool the condenser water to 60°C.
Note that the river water temperature rise must not exceed 10°C [39 kg/s].

Discuss the proposed system with respect to its environmental impact and feasibil-
ity.
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Question 4.25: We wish to do a preliminary thermodynamic evaluation of a refrigeration
system designed for home usage which will use refrigerant R134a. Consider the following
system flow diagram:

Ambient Temp = 32°C

P3 =P2 /,‘lmud
T3 =36°C s
7 P2 = 1MPa
@_ — Condenser T — 60°C
Compressor
(adiabatic)

Weomp

/ sat. vapor
=Pl —™ Evaporator )7
bk pot Refrigerant R-134a

P1=140kPa

®__

a) Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for R134a,
indicating clearly all 4 stations on the diagram.

b) Determine the work done by the compressor [54 kJ/kg].

c) Determine the heat absorbed by the evaporator [137 kJ/kg], and that rejected by
the condenser [191 kJ/kg].

d) Determine the Coefficient of Performance of the refrigerator (COPg) (defined as
the heat absorbed in the evaporator divided by the work done on the compressor
- always presented as a positive value even though the work done w, is negative)
[COPr = 2.53].
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Question 4.26: It is common practice in the refrigeration industry to use an internal
heat exchanger to subcool the refrigerant at the outlet of the condenser by means of
the refrigerant exiting the evaporator. This practice obtains a much larger refrigeration
capacity using the same components.

Continuing the previous problem, we will add a heat exchanger as indicated.

Ambient Temp = 32°C
P3 = P2x 9cond

T3 g Pad 2x) P2x=1IMPa
- s Condenser T2x = 100°C
Compressor
@_ (adiabatic)
Weomp

@——Tlx =20°C

> Internal heat

P3Ix=P3=P2x | ?xgam;ggl)
il C

é Throttle @ &

adiabatic) 9evap —1)

¢ ) P1 = 140kPa

— sat. vapor
E tor

P4x=P1="Plx bl sincle Refrigerant R-134a

&

Notice that we have included an internal heat exchanger that heats the refrigerant
exiting the evaporator (as a saturated vapor at 140kPa) to 20°C. We have chosen a state
numbering system (1x, 2x, and so on) so as to allow the new system to be plotted on the
same p-h diagram as above, and thus to be able to qualitatively compare the increase
and improvement of performance provided by adding the internal heat exchanger.

a) Add the 4 states (1x, 2x, 3x, 4x) to the pressure-enthalpy p-h diagram from the
previous problem and sketch the new cycle.

b) Determine the heat transferred in the internal heat exchanger, assuming it to be
externally adiabatic [32.2 kJ/kg], and the temperature of the subcooled liquid en-
tering the throttle (3x) [13.4°C]. The heat transferred can be calculated through
the equation:

q=hiz —hi =hg — hsy
c¢) Determine the heat absorbed by the evaporator [169 kJ/kg].
d) Determine the heat rejected by the condenser [235 kJ/kg].

e) Determine the Coefficient of Performance of the refrigerator (COPg) (defined as

the heat absorbed in the evaporator divided by the work done on the compressor)
[COPR = 2.65].
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Question 4.27: We wish to do a preliminary thermodynamic evaluation of a 1kW input
power home heat pump system for space heating using refrigerant R134a. Consider the
following system flow diagram:

Fan; Condenser section @
% % |
® %d
air flow — g ¥
100kPa, 15°C A 6
8 m3/min 05kPa
- ZInsulated duct 7
P3=P2 —+—
T3=30°C ¥
Throttle P1 = 140kPa
(adiabatic) sat. vapor
(@4—  Refrigerant R-134a T
P4 =P1 O .
Evaporator section
(outside air temp
below freezing)

Thus the heat pump system absorbs heat from the evaporator placed outside in order
to pump heat into the air flowing through the insulated duct over the condenser section.
The fan provides an air flow of 8 m®/min, which is enough to cool the refrigerant in the
condenser to 30°C, In this analysis we will neglect the power provided to the fan. We
also assume that the duct is adiabatic, and that all the heat rejected by the condenser is
absorbed by the air flowing in the duct.

a) Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for R134a,
indicating clearly all 4 stations on the diagram (stations 5 and 6 are air, and are
therefore not on the same p-h diagram).

b) Determine the mass flow rate of the refrigerant R134a [0.0185kg/s].
c) Determine the mass flow rate of the air flowing in the insulated duct [0.161kg/s].

d) Determine the heat rejected by the condenser [3.7kW]. Assuming that all this heat
is absorbed by the air, determine the exit temperature of the air at station (6)
[37.9°C]. Is this value reasonable? Why?

e) Determine the heat absorbed by the evaporator [2.7kW].

f) Determine the Coefficient of Performance of the heat pump (COPgp) (defined as
the heat rejected by the condenser divided by the work done on the compressor)
[3.7].
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Question 4.28: We wish to do a preliminary thermodynamic evaluation of a 500W
input power home heat pump system as applied to summertime use for both hot water
heating to 50°C, and space cooling (air conditioning), and thus maintain the inside home
temperature at a comfortable 20°C.

/ Home inside

hot water
heater - 150 liters

Subeooler air temp: 20°C (max temp: 50°C)
(outside air
temp: 32°C) R134a refrigerant
7 @,) -+ =
P3 =P2
sat. liquid
P4 =P2 Throttle %np Fa.=
) |[BagE2 ottle 16 MPa
T4 C:) 36 ‘3‘ (adiabatic)  _ _500W T2 = 70°C
F. B “ Compressor
a P5=P1-|5) (adiabatic) P1 =400 kPa
I —}1) sat. vapor
W
alr » L~ Qevap
AT qir
=-10°C

This unique combined air conditioning / hot water heating system is designed to
absorb heat from the air flowing through the insulated duct in order to pump heat into
the hot water heating tank. The fan provides enough air flow over the evaporator to cool
the air by 10°C as it passes through the duct, and the hot water is heated to a maximum
of 50°C. In this analysis we neglect the power provided to the fan. We also assume that
both the duct and the hot water tank are externally adiabatic.

a) Neatly sketch the complete cycle on the pressure-enthalpy p-h diagram for R134a,
indicating clearly all 5 stations on the diagram.

b) Determine the enthalpy values at all five stations [kJ/kg], and indicate these values
on the p-h diagram.

c¢) Determine the mass flow rate of the refrigerant R134a [0.0133 kg/s].

d) Determine the heat rejected by the condenser [2.09 kW]. Assuming that all this heat
is absorbed by the water in the hot water tank, determine the time taken for 150
liters of water at 30°C to reach the required temperature of 50°C [1 hr 40 min].

e) Determine the heat power absorbed by the refrigerant in the evaporator [2.04 kW].
Assuming that all this heat is absorbed from the air in the duct and neglecting
the fan power, determine the required mass flow rate of the in order reduce the air
temperature by 10°C while passing through the duct [0.204 kg/s].
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f) Determine the Coefficient of Performance of the hot water heater (COPgw ) (de-
fined as the heat rejected by the condenser divided by the work done on the com-
pressor) [COPyyw = 4.17].

g) Determine the Coefficient of Performance of the air conditioner (COP4¢) (defined
as the heat absorbed by the evaporator divided by the work done on the compressor)
[C()PAC = 4.07].

h) If we bypass the outside subcooler (State (4) becomes saturated liquid as in State
(3)) determine the change in Coefficient of Performance of the air conditioner eval-
uated above. Indicate this change on the p-h diagram and discuss the relevance of
the outside subcooling section in this system. [COPac reduced to 3.17].




Chapter 5

The Second Law and Entropy

In this chapter, we discuss the Second Law of Thermodynamics, and how it ties to entropy,
which is the final property we will discuss in this book. The Second Law helps us determine
which processes are possible, and does so through entropy balance. We will start with a
brief discussion of entropy.

5.1 Entropy

Entropy is a property that is typically associated with the disorder of a system. In other
words, when a system is perfectly ordered (crystalline structure, with no atoms out of place),
entropy will be at a minimum. Disorder for a system means that it is hard to tell where an
atom or molecule is at any particular point in time. Figure 5.1 shows the relative level of
disorder for solids, liquids, and gases.

a) In many solids, atoms can iqui

() y (b) In liquids, mol.ecules are (c) In gases, molecules are

vibrate, but rarely change po- able to move relative to one

e . . . able to move freely, only oc-

sition in their lattice struc- another, but are closely con- . . .
casionally colliding with other

ture. fined.

molecules.

Figure 5.1: Entropy is related to the amount of disorder in a system, which varies signifi-
cantly between solids, liquids, and gases.
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For solids, atoms are mostly constrained, though there will be some vibration as tem-
perature increases. This means that there are relatively few options for an atoms location,
and thus, minimal disorder. For liquids, molecules are able to move somewhat freely, but
are generally packed closely together with other molecules, which leads to significantly more
entropy than for solids. For gases, molecules are even more free to move than in liquids,
with only occasional collisions with other molecules. Thus, we assume that gases will have
more disorder (and more entropy) than either liquids or solids.

5.1.1 Entropy as a Property

In addition to the difference between phases, we also know that temperature leads to an
increase of the average movement of molecules within a substance. An increase in temper-
ature, therefore, can be assumed to increase the level of entropy.

Likewise, more volume available for a substance to spread out in leads to more locations
for a given molecule to be at a given time. So larger specific volume is also associated with
higher entropy. Figure 5.2 is a contour plot of entropy on the T-v diagram for water.
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Figure 5.2: A contour plot of entropy overlaid on the vapor curve in the T-v diagram.

Finally, thinking of the ideal gas law, higher pressure will lead to lower specific volume
for a given temperature, so we typically associate higher pressure with lower entropy.

5.1.2 Entropy in Statistical Mechanics

There is a way to determine the entropy by considering the number of microstates that
could make up a given state. A microstate is a specific arrangement of molecules, including
their position, velocity, vibration, and rotation. States with more entropy could be generated
through a greater number of microstates. Entropy is defined as follows:

S =kplogQ (5.1)
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In Equation 5.1, S is the entropy of the system in %, kp is the Boltzmann constant:
1.381 x 10_261%, and € is the number of microstates for a given volume, number of atoms,
and internal energy of the state.

Note that if only a single arrangement of molecules could define a state, the entropy would
be exactly zero. This occurs for molecules in crystalline solids (restricting their position)
with zero energy (restricting their movement). However, for common use, a reference value
is typically chosen to be a zero point. In this book, for instance, the triple point of water
is given both an internal energy and entropy of zero, even though it could be cooled below
that point. In other words, if you see a negative entropy value, it means that it is less than
a reference point, not negative in a true sense.

5.2 Reversibility

Entropy plays a central role as we consider ideal processes. Specifically, entropy is gen-
erated any time we have a non-ideal process. Non-ideal processes occur primarily because
of friction, but can also occur when we violate the quasi-equilibrium assumption that we
discussed back in Section 1.8.

5.2.1 Friction

Consider a block being pushed up a hill. In the idealized case (no friction between the block
and the hill), all of the work done is transferred to potential energy. We could theoretically
return down the hill, letting the block push us instead, and the net amount of work would
be exactly zero. This situation, where we can return to an initial state with no net loss is a
reversible process.

In a more real scenario, we could consider friction between the block and the hill. In this
situation, some fraction of our work will be used to overcome friction. The potential energy
at the top of the hill will be less than the amount of work we used to push the block. If
we tried to extract our work this time, we would start at a deficit, and then lose even more
as friction stole energy on the way down! This more realistic situation is an example of an
irreversible process.

Thinking about the First Law of Thermodynamics, it may seem like the irreversible
process above violates the conservation of energy. However, friction takes mechanical energy
and transforms it into thermal energy. After pushing the block and returning to the bottom,
we have lost some amount of work, but the block has gained an equivalent amount of heat.

5.2.2 Non-equilibrium Processes

Another possibility of wasting work can occur when we perform a process too quickly.
Consider the piston undergoing compression shown in Figure 5.3. Pressure does not change
instantaneously. In fact, any movement of the piston will create a wave in the volume which
moves at the speed of sound.
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p p+ Ap

F

Figure 5.3: A piston undergoing high-speed compression experiences higher pressure close
to the piston.

If the piston continues to compress before the pressure wave travels through the volume,
it will push on air that has a higher pressure than the average within the volume. Higher
pressure means more work, but eventually, the pressure will even out. In the end, there will
be no additional compression because of the higher work. Instead, that additional energy
will be transformed into heat.

Likewise, in an expansion process, if the pressure is not given a chance to equilibrate, it
will be lower near the piston, meaning that less work will be extracted than expected. Once
again, the energy that was not extracted will be converted into heat.

Thus, in both types of irreversibility, we see that the final effect is to lose some amount
of mechanical energy (work), with a commensurate increase in the internal energy (heat) of
our system.

5.2.3 Reversibility and Entropy

We stated above that entropy was generated for non-ideal, or irreversible processes. Based
off the generation of heat for both types of irreversible processes above, we can guess that
there will also be a change of entropy whenever heat is transferred in or out of a system.

However, when a process is reversible and no heat is transferred, there will be no change
in entropy. Recall our discussion of adiabatic processes in Section 3.7, in which we teased
the term isentropic relations. In fact, there is an additional requirement to use those
equations: the processes must be reversible. Any friction or non-equilibrium effects will
lead to conversion of work energy to heat energy, breaking the validity of the equations.

For isentropic (adiabatic and reversible) processes in steam or R134a, we can instead use
the steam tables or CoolProp, assuming that As = 0.

For adiabatic and irreversible processes, we know that entropy will be generated. This
means that As > 0. There cannot be an adiabatic process in which entropy is reduced. In
order to reduce entropy within a system, we must transfer it out of the system. That will
be the subject of Section 5.3.

One final note: there is no real process that is also reversible. In fact, we often use the
word ideal to mean reversible and real to mean irreversible.
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5.3 Entropy Transfer

We saw in Section 5.2 that entropy was related to heat energy. In fact, heat transfer is the
only way to transfer entropy into or out of a system.

5.3.1 Entropy Transfer in Statistical Mechanics

From a molecular point of view, the only “true” properties are the internal energy (how
fast are the molecules moving, vibrating, or spinning on average), entropy (how many mi-
crostates are possible for a given macrostate), and specific volume (how much volume do
these molecules inhabit). With this context, we can return to an analysis similar to Section
3.3:

u = u(s,v)
ou ou
du = gds + %dv
du du
du = [ds] ds + {dv} ) dv

Let us first think of an isentropic situation, and set ds = 0. In this case, we get:

du
du=|—| d
u [dv]s Y

Now we are left to ask what sorts of situations can change the internal energy without
changing entropy. Because entropy is so closely related to heat transfer, we will assume
that any heat transfer will cause a change in entropy. Energy transfer through work is the
only other option. Knowing that dw = pdv and du = §q — dw leads us to the following
realization: p
U
4],

Pressure emerges as a property that defines how the internal energy changes as volume
changes.

Now, for constant volume, we know that heat transfer is the only way to affect the
internal energy.

ds

Although we will not prove it here, this derivative is actually temperature:

Bﬂ _7 (5.3)

v

du=4dq = {du} ds

Like pressure, temperature emerges out of this molecular understanding of matter. The end
result of this exercise is a new form of the First Law of Thermodynamics, based solely on
properties and their changes:

du=Tds—pdv (5.4)
Finally, let’s define the mechanism of entropy transfer:
0
ds = 4 (5.5)

T
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Equation 5.5 states that heat transfer naturally yields a change in entropy, with heat transfer
into a system causing an increase of entropy. Additionally, more heat transfer is required at
higher temperature to cause a change in entropy. At low temperatures, less heat transfer is
required to result in a large change in entropy.

5.3.2 Defining Entropy for an Ideal Gas

For ideal gases, we can go further in our analysis. Taking the ideal gas law (pv = RT) in
conjunction with Equation 5.4 allow us to write:

T
= du pdv ds = cvd— + R@ (5.6)
v

d
s=pto 7 T

Integrating (and assuming that ¢, is constant) results in:

dT dv
ds = v y— -
/ s=c / T + R ”
. T2 V2
S9 — 8] = Cpln (T1> + RIn (111) (5.7)

Alternatively, we can look back at the definition of enthalpy in Equation 3.9 and replace
du in Equation 5.4 as follows:

dh—pdv—vdp=Tds—pdv

Following the same steps that led to Equation 5.7:

dh  wdp dT dv
T dp
/dS:Cp ?_R ?

15 ) 15 b2
— 81 =yl — | +RI1 — ) =c,l — | — RI1 =
SS9 — 81 =¢ n( 1) n(vl) cpn< 1) n<p1

These equations can also be used to produce the adiabatic relations we derived in Section
3.7 by setting the change in entropy (s2 — s1) equal to zero.

5.3.3 Entropy for Liquids and Solids

For liquids and solids, we can again use Equation 5.4, recognizing that dv is zero for incom-
pressible materials:

0
duszs—pM — ds:d?u
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Assuming that the specific heat is a constant ¢, we can integrate as follows:

dT T
/dS:C/T — 5251cln<Tj> (5.9)

Therefore, entropy is defined purely by the temperature change for solids and liquids.

5.3.4 Additional Thoughts on Pressure and Temperature

Consider a piston between two cavities, as shown in Figure 5.4a. Each cavity is at a different
pressure, the net effect of which is to cause a force on the piston. Assuming a frictionless
environment, the piston will move until the pressure is balanced on both sides.

PL > PR Tr >Tg
4 Q

(a) The difference in pressure will cause work (b) The difference in temperature will cause
on the piston until pressure is balanced be- heat transfer until temperature is balanced
tween the two cavities. between the two cavities.

Figure 5.4: Work and heat transfer cause pressure and temperature to tend toward balance.

Likewise, looking at Figure 5.4b, the difference in temperature across the two cavities
leads to heat transfer across the boundary. Heat will continue to flow until the temperature
is balanced on both sides. This process will transfer entropy from left to right, and also
increase the total amount of entropy. This process is investigated in Example 5.1.

Example 5.1: Maximizing Entropy Through Heat Transfer

A thin barrier separates equal masses of water such that each side has a volume of
10 L and a mass of 0.1 kg. The walls are insulated, meaning that no heat can escape.
On the left, the steam is at 300°C, and on the right, the steam is at 200°C. Find the
resting state of the steam, and evaluate the amount of entropy change in the system.

a) Find the entropy on each side prior to heat transfer, as well as the total amount
of entropy in the system.

b) Find the temperature of the final system.

c¢) Find the entropy on each side after heat transfer, as well as the total amount
of entropy in the system.

d) How much did entropy change on each side? How much did the total entropy
change?
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Entropy Before Heat Transfer

The entropy prior to heat transfer can be determined from the steam tables. Each
side has the same specific volume, calculated as follows:

1% _ 0.01 m? m?

T T 01kg T ke

Thus, the left side is superheated steam, with s;.¢; = 6.651 kI;—JK. The right side is a

mixture with a quality of 0.784, leading to an entropy of s;cr+ = 5.545 é—JK.
We can find the total amount of entropy as follows:

kJ kJ kJ
J

Final Temperature

At the end of heat transfer, both states should have the same temperature. Since
both also have the same specific volume, they will share the same state exactly.
This means that we can calculate the total internal energy of the system, divide it
up between the two sides, and we will have our final state.

kJ kJ
U= mju; =01kg (2762.8 kg) +0.1 kg <2217.8 kgK> = 498.06 kJ
J

The final internal energy will be uy = U/) . m;, or 498.06 kJ / 0.2 kg. Thus,
up = 2490.3 2.
We again go to the tables (or CoolProp) with u and v to find temperature:

Ty = 208.86°C' |. This occurs as a mixture with a quality of 0.937.

Final Entropy

We head to the tables one final time to find the final entropy: | s; = 6.1161{1;1K .
Since this is the same for both sides, we can find the total entropy through S; =
0.2 kgsy. Thus, | SF =1.223 % .

Change in Entropy

We can see that the specific entropy on the left side decreased from 6.651 % to
6.116 %, while the specific entropy on the right side increased from 5.545 % to
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6.116 &1
Asy = 6.116 é—JK —6.651 kz—JK =|—0.535 kziJK
Asy = 6.116 kZ—JK — 5.545 é—JK =10.571 kziJK
AS =1.223 1%1 —1.220 kﬁ‘] =10.003 %J

Working through the example more accuracy gives a change of entropy of 3.474 %

Discussion

First off, through heat transfer, we were able to transfer entropy as well. The entropy
of the left side decreased, while the entropy of the right side increased. However, the
act of transferring heat also increased the total entropy of the system. Thus, unlike
energy, it is possible to generate entropy. Additionally, the entropy of an isolated
system (like the one in the example) will always be maximized when all components
are at the same temperature.

Example 5.1 showed that heat transfer naturally led to entropy transfer between two
systems. Section 5.4 investigates the byproduct of that heat transfer: the entropy generated
by an irreversible process.

5.4 Defining the Second Law

The simplest form of the Second Law is as follows:

The Second Law

There can be no process or cycle in which entropy decreases globally.

We saw the possibility of an isentropic process in Section 5.2.3. However, for irreversible
processes without heat transfer, entropy increased. In Section 5.3, we saw the possibility
of locally decreasing entropy, but always at the cost of increasing it elsewhere. For any
realistic heat transfer, there will always be a global increase of entropy in the process.

Global, in this context, means considering the system that includes the surroundings.
For a simplified problem, that often just means including the hot and cold reservoirs
attached to the system. Reservoirs are regions that have enough heat capacity to maintain
a constant temperature even with the heat transfer associated with our system.

In addition to this simple form, we will investigate two other statements of the Second
Law: the Clausius Statement and the Kelvin-Planck Statement.
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5.4.1 The Clausius Statement of the Second Law

The Clausius Statement

It is impossible to construct a device which operates on a cycle and produces no
other effect than the transfer of heat from a cooler body to a hotter body.

To unpack that, let’s first consider the “transfer of heat” part. We saw in Example 5.1
that the natural flow of hot to cold increases global entropy. It stands to reason that heat
flow from cold to hot would instead decrease entropy, which violates the simple form of the
First Law.

It may be obvious that heat transfer will not naturally happen in this manner, but the
Clausius Statement forbids any device from completing this feat. This situation is pictured
on the left of Figure 5.5.

Reservoir @ T, Reservoir @ T,

—
Qu=Qc+ V\V \
Ideal

Entropy Balance!
Reservoir @ T Reservoir @ T

Impossible
Heat Pump

Qu=Qc ASy<ASc

Entropy Accumulation!

"

Figure 5.5: A visual depiction of a device outlawed by the Clausius statement of the Second
Law beside an ideal device.

It can be seen that in the case where Q¢ = Q g, there is more entropy entering the heat
pump than is leaving. This is a direct result of Equation 5.5: ds = %q. In order to balance
the entorpy transferred through Q¢ and Q g, more heat transfer is needed at Ty than at
Tc. To get that extra energy without changing the inflow of entropy, we must add work to
the heat pump. The corrected situation is shown on the right side of Figure 5.5.

There is an exception implicitly mentioned in the Clausius Statement: devices that do
not “operate on a cycle”. It is technically possible to remove heat from a cold body and
add heat to a hot body without violating the Second Law. However, the only way this
is possible is by increasing the overall entropy inside the device. If the entropy inside the
device increased, there is no way for it to return to its original state without some other
effect, and therefore it cannot form a cycle.

Bottom Line: a cycle requires an influx of energy as work to move heat from cold to hot.

5.4.2 Kelvin-Planck Statement of the Second Law

There is an alternative statement of the Second Law, known as the Kelvin-Planck State-
ment:
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The Kelvin-Planck Statement

It is impossible to construct a device which operates on a cycle and produces no
other effect than the transfer of heat from a single body in order to produce work.

Thinking only about the First Law of Thermodynamics (energy conservation), there is
nothing in the Kelvin-Planck Statement that seems impossible. Energy enters a system as
heat and leaves as work, thus maintaining a constant amount of energy in the system.

Unfortunately, when we consider entropy flow, we run into trouble. Heat transfer into
the system will always bring entropy with it. Work leaving the system will either generate
entropy (irreversible processes) or maintain a constant amount of it (reversible processes).
Combining the two, we know that there will be a net gain of entropy in the system. Once
again, with a net gain of entropy, we cannot form a cycle.

The left side of Figure 5.6 shows a device breaking the Kelvin-Planck statement by
absorbing heat from a heat reservoir at Ty and transforming that heat into work. Note
that entropy is also absorbed with the heat, but there is nowhere that entropy is rejected.

Reservoir @ T, Reservoir @ T

Impossible
Engine

ASH

Entropy
Accumulation!

ASy=ASc

Entropy Balance!

.J

Reservoir @ T Reservoir @ T

Figure 5.6: A visual depiction of a scenario outlawed by the Kelvin-Planck statement of the
Second Law beside an ideal device.

The right side of Figure 5.6 give the corrected picture. In order to rid itself of excess
entropy, the device must reject heat.

Bottom line: for a cycle to produce work, it must both accept and reject heat.

5.4.3 Equivalence of Kelvin-Planck and Clausius Statements

We showed above that the simple form of the Second Law implied both the Kelvin-Planck
and Clausius Statements. It should be no surpise, then, that we are able to show that both
statements are equivalent.

First, let us consider the combination of cycles shown on the left side of 5.7. First, we have
a heat pump that violates the Clausius Statement, which we have labeled an “impossible
heat pump”. Simultaneously, we run a perfectly legitimate engine. The important thing to
note here is that the heat transfer through the impossible heat pump perfectly matches the
heat flow through the engine (the part not turned into work).
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-

W

Figure 5.7: A heat pump in violation of the Clausius Statement paired with a perfectly legal
heat engine.

A different grouping of the heat flows allows us to see the violation of the Kelvin-Planck
Statement. Combining the illegal heat flow with the heat flow through the legitimate engine
creates a device in which all the heat flows cancel: a “do-nothing device”. What remains is
an “impossible engine”, which converts heat directly into work.

Thus, each of our statements of the Second Law are functionally equivalent.

5.5 Carnot Cycles and Ideal Efficiency

The Carnot cycle is a primarily theoretical cycle that is intended to provide the maximum
efficiency between two temperature reservoirs.

Heat transfer into the system occurs isothermally at the highest temperature possible, to
minimize the entropy transferred into the system. Likewise, heat transfer out of the system
occurs at the lowest temperature possible, to maximize the entropy transferred out of the
system. Temperature change occurs adiabatically and isentropically. Figure 5.8 shows the
cycle drawn on a p-h diagram.
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Figure 5.8: A Carnot Cycle plotted on a p-h diagram for steam.
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Note the frequent switching between constant temperature environments (necessitating
ample heat flow) and adiabatic environments (requiring zero heat flow). This change of
environment is the primary problem with the Carnot cycle for practical purposes.

As you can see in Figure 5.8, the difference in entropy between states 1 and 2 perfectly
matches the difference between states 3 and 4. In other words, the entropy entering the

system through Qg exits the system through Qc¢.

5.5.1 Carnot Cycle Analysis

By setting the inflow of entropy equal to the outflow, we can determine the maximum
possible difference between Qp and Q¢, which in turn will maximize work (recall that

W =Qu—Qc).

oq dq
d m T d out —
S TH Sout TC

dq Qu dq Qc

A S = _— = — A o = _— = —

o / Ty Tn sout / Te~ Tco

This leads to a relationship between the heat transfers and the temperatures:

Asin = ASout — % = %

We can rearrange this to build an equivalence between the heat transfer ratio and the
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temperature ratio for the Carnot cycle.
Qo _Tc
Qu Ty
Finally, let’s revisit the equation for efficiency of an engine, letting Q;, = Q.

:Wnet :QH_QC :1_%
hth Qn Qu Qu

Using Equation 5.10, we can find the efficiency for a Carnot cycle based purely on the
temperature of the reservoirs:

(5.10)

Tc
Tn

With a bit of work, we can also come up with the maximum theoretical coefficient of
power for the refrigeration and heat pump cycles.

Nth,max = 1 (5.11)

Tc
Ty —Tc
Ty
Th —Te

COPR maz = (5.12)

COPipmas = (5.13)

As always, the coefficient of performance for a heat pump will be exactly 1 larger than
that for a refrigerator.

Example 5.2: Reversible Home Air Conditioner and Hot Water Heater

We wish to do a preliminary thermodynamic evaluation of the following proposed
heat pump system designed for summertime hot water heating and space cooling.

Outside

Summertime fauiferatize Z35E

Evaporator section

%/////////////////////////////////////////////////////é R‘Eﬁ'igﬂ'an;: B;:MPCondenser section
' ATair =10°C 3 2 3p0°C

iHrotle P1= 400kPa

T1=40°C

.

Assuming that this system is required to maintain the home air at 20°C and the hot
water at 50°C, we wish to determine the maximum possible theoretical Coefficients
of Performance that could be obtained under these conditions.

a) Draw a diagram representing the heat pump system showing the flow of energy
and source and sink temperatures.
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b) Determine the maximum possible Coefficient of Performance of a hot water
heater (COPgw) that could be obtained by a reversible heat pump.

c¢) Determine the maximum possible Coefficient of Performance of a space cooling
air conditioner (COPac¢) that could be obtained by a reversible heat pump.

d) The actual Coefficients of Performance for the system shown above were found
to be COPyw = 4.41 and COP4c = 3.41. Compare those values to those of
the reversible heat pump determine if the actual heat pump shown above is
feasible. State the reasons for your conclusion.

Solution: For a), b), and ¢) we need to reduce the system complexity shown above
to an energy flow diagram showing only the basic requirements - cool the air to
20°C and heat the water to 50°C. Given the temperature if the heat source (20°C)
and the heat sink (50°C) we can evaluate the respective reversible Coefficients of
Performance.

reversible hot water heater

QH L
CO =a_ =
H‘IW.]‘EV W Oy =0i 7 _Q_L
(heat sink) Qy
1
O TR
Q T a3
Qu-Qu=W - i 2
Heat
weE_ pump
QL reversible space cooling air conditioner
SipaE _Qr Q 1
=) COPAC 1ev = =—L - g .
: WoQu-Q SH
QL
1 1
’=—=,)—=9.8
T R
T 293

For question d) we use the accumulated knowledge that the conditions for thermal
and mechanical reversibility are so difficult to realize that no practical heat pump or
heat engine can attain more than 50% to 60% of the equivalent reversible (Carnot)
performance. Thus comparing the actual to the reversible Coefficients of Performance
we obtain:

C(OI:)HWact 4.4 '
COPHWJ’ev 10.8 % (< % — easible )
COPAC,act

3.4
——-avea _ TT feasible!
COPacres 98 35% (< 50% — feasible!)

Both coefficients of performance were less than 50% of their reversible values, mean-
ing that they are indeed feasible.
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Chapter 5 Homework:

Question 5.1: A heat 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 -10°C it is
estimated that the house looses heat at the rate of 10 kW. Under these conditions the
actual Coefficient of Performance (COPgp) of the heat pump is 2.5.

e)

Draw a diagram representing the heat pump system showing the flow of energy and
the temperatures.

Determine the actual power consumed by the heat pump [4 kW].

Determine the power that would be consumed by a reversible heat pump under
these conditions [1.02 kW].

Determine the power that would be consumed by an electric resistance heater under
these conditions [10 kW]

Determine if the performance of the actual heat pump is feasible.

Question 5.2: During an experiment conducted at 25°C, a student measured that a
Stirling cycle refrigerator that draws 250W of power has removed 1000kJ of heat from
the refrigerated space maintained at -30°C. The running time of the refrigerator during
the experiment was 20 min.

a)

b)

Draw a diagram representing the refrigerator system showing the flow of energy and
the temperatures.

Determine the actual and reversible coefficients of performance [COPR = 3.33,
COPR,rev = 4.42].

Determine if these measurements are reasonable. [COPr/COPR .., = 75% > 60%
- not feasible]. State the reasons for your conclusions.



Chapter 6

Isentropic Efficiency and the
Brayton Cycle

In this chapter, we take another look at a number of components in thermodynamic sys-
tems, using entropy to compare their actual performance to their real performance. After
looking specifically at compressors and turbines, we will be able to revisit the Rankine and
Refrigeration cycles, as well as explore the Brayton cycle, which is used in jet engines and
gas generators.

6.1 Isentropic Efficiency

One of the important applications of isentropic processes is in defining the ideal performance
of various adiabatic components. These include turbines, compressors, pumps, and aircraft
jet nozzles. Before, we have made the statement that steam turbines are designed to be
adiabatic, and that any heat loss from the turbine will result in a reduction in output power.
Now, however, we can make the statement that the ideal turbine is isentropic. This enables
us to evaluate the isentropic efficiency of these components.

There are two property diagrams involving entropy in common usage, the temperature-
entropy (7-s) and enthalpy-entropy (h-s) "Mollier” diagrams. We will find that the h-s
diagram is extremely useful for evaluating adiabatic turbines and compressors, and comple-
ments the p-h diagram which we used in Chapter 4 to evaluate entire steam power plants
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or refrigerator systems. The h-s diagram for steam is presented below:

4000

3500
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/-5 liagrram for water
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£
20kPa
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i
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7 ] 4 10
Entropy [kdkg K]

Figure 6.1: The Mollier, or h-s diagram, for water

6.1.1 Isentropic Efficiency of Turbines

The important characteristic of the h-s diagram is that the ideal adiabatic turbine can be
conveniently plotted as a vertical line, allowing an intuitive visual appreciation of the turbine
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performance. We define the turbine adiabatic efficiency as follows:

h (Enthalpy) p
F | 1

Adiabatic Tirbine

- 5 (Entropy)

Figure 6.2: An isentropic turbine process (1-2s) shown next to an actual turbine process
(1-2a).

actual work Weg  h1 — hag
’[’]T == — = (6'1)
isentropic work  w; h1 — hag
Notice that for the for the actual turbine there will always be an increase in entropy,

which means that the turbine adiabatic efficiency will always be less than 100%.

Example 6.1: Adiabatic Steam Turbine

Consider an adiabatic steam turbine having a turbine adiabatic efficiency nr = 80%,
operating under the conditions shown in the following diagram:

P1=1MPa
T=90C

# Turbine
] {ﬂfhgha\‘_l[:]l 4
M gteam = 2 kels ot

nT =80%

N

P2 = 10 kPa

-
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a) Using steam tables, determine the enthalpy and entropy values at station (1)
and station (2s) assuming that the turbine is isentropic. [hy = 3479 kJ/kg, s1
= 7.764 kJ/kgK ]7,25 = 2461 kJ/kg, S9s — Sl]

b) From the definition of turbine adiabatic efficiency, and given that ny = 80%,
determine the actual enthalpy and entropy values as well as the temperature
at station (2a). [ho, = 2665 kJ/kg, s, = 8.38 kJ/kg. K, Ty, = 88°C]

c¢) Plot the actual and isentropic turbine processes (Stations (1)-(2a) and (1)-(2s))
on the enthalpy-entropy h-s "Mollier” diagram, and indicate the actual turbine
specific work (w,) as well as the isentropic turbine specific work (ws) on the
diagram.

d) Determine the actual power output of the turbine (kW). [1629 kW]

The h-s diagram plot follows. Notice that we have indicated all the enthalpy and
entropy values (which we determined from the steam tables) on the plot. This allows
a check on the feasibility of our results.

#-s cliagram for water

4000

3500

T
Turbine Effidency:

nr=—

Wy Dby -hoy
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3 Lol s R e o) A VO e A L
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= ]
i 2665 kdlkg ; [iked
2900 S e, |
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B3
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a0 L. AT A S A bt S B ........................................ 4
1500 ¥ i i plak byizzi
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6.1.2 Isentropic Efficiency of Compressors

One of the interesting aspects of compressors is that they can be made more efficient by
cooling. The reason why we still consider the adiabatic efficiency of compressors that are
normally found in refrigeration, air-condition and heat pump systems is that it is considered
to be impractical to cool them. Thus the ideal compressor (absorbing a minimum of power)
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is considered to be isentropic, and we define compressor adiabatic efficiency as follows:

h (Enthalpy)
4 ‘/Pg
L 4
: Adiabatic Compressor
5 (Entropy)

Figure 6.3: An isentropic compressor process (1-2s) shown next to an actual turbine process
(1-2a).

isentropic work  ws  has — (6.2)

o = actual work  wg,  hog — h1

Notice that for the actual compressor there will always be an increase in entropy, leading
to a compressor adiabatic efficiency which is less than 100%.

Example 6.2: Adiabatic Compressor

Consider the R134a refrigerator compressor shown below.

P2 =1MPa
T2 =60°C

................... Wcomp
k.
—

Compressor
(adiabatic)

Pl = 100kPa
T1=-20C

a) Carefully plot the actual and isentropic compression processes on the h-s di-
agram and indicate the actual and isentropic specific work done to drive the
compressor on the plot.

b) Using R134a refrigerant tables determine the specific work required to drive
the compressor [53.9 kJ/kg].

c¢) Using R134a refrigerant tables determine the adiabatic efficiency of the com-
pressor [nc = 92%)].

d) Discuss these results and determine if this is a feasible compressor design.
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Solution:
Filling in information from tables for states 1 and 2:

State 1 | State 2 | State 2s
P 100 1000 1000 kPa

T -20 60 ? °C
s 0.972 0.985 0.972 kJ/kgK
h| 2395 | 2934 ? kJ /kg
f-sdiagram for R134a refigerant
350 T T T T T T w4
: E : : Pressure  4pPa ©  2MPa
S IMPa B0C
300 = : ; ........... ...........
: 5 S00KP
5 3 :
3 200kPa 500
& :
z 100kPa
& 0c
250 T T v | TR O J
.g 20T
: - 1p—
2 Sat.\"aporg
/ Line :
b = Cruality [%
: : il : : -
200 i i i i i i jetplot bylez)
0.7 0.75 0.5 0.85 0.9 0.95 09%51 1.05 11
Entrapy (kdlkg K] 5

097, [KAEK]

525 =5] = 0972 kikg K
hp =2934 klkg s [0953 [ 0972 [ 0985 |WikeK

s2=0985 WM Ky 5es5 789 [ 20934 |kiike
P = 1MPa
T2 =60°C

Linear interpolation from
1 MPa superheat R.134a tables
hog = 289 kllkg

Wcomp adiabatic 1o kinetic or potential enersy

e ok

Compressor Compressor specific work
(adiabatic) ~ ~Wa=h2-hl

=2934-2395=539 klkg
P1 = 100kFa . - »
Tl =0 Compressor aciabatic efficiency:
h] =239.5 kilkg
. Wy hng-h
5] = 0972 KlkgK p=—=2""l_ong
Wg hg o hl
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6.2 Aircraft Engines and the Brayton Cycle

There are many different forms and modifications of aircraft gas turbine engines, and in this
course we discuss two variants - the ideal turbojet engine, and the gas turbine engine for
usage in helicopters.

V=] T
.
~ = _—
|2 |3 q |5
Diffuser Compressor Combustors Turbine Nozle

Figure 6.4: A simple diagram showing the five processes that make up a turbojet aircraft
engine.

The ideal turbojet engine shown schematically in Figure 6.4 is comprised of the series
connection of five components - diffuser, compressor, combustor, turbine, and nozzle. The
analysis of the complete system, is best done in terms of the h-s (enthalpy-entropy) diagram,
which we will develop in class. Throughout the system we assume that the fluid is pure air,
and the combustors are considered to be constant-pressure heat-addition devices. Notice
that the sole purpose of the turbine is to drive the compressor, the nozzle providing the final
kinetic energy increase to drive the aircraft.

The gas turbine engine for usage in helicopters is shown below:

—>]
.
—
n . ﬁé .{“5
! |2 |3 |‘1 Output

Compressor Combustors Twbine Turbine

Figure 6.5: A simple diagram showing the five processes that make up a gas turbine heli-
copter engine.

In this case we see that there is no diffuser or nozzle, and that the turbine section has
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been replaced by two independent turbines - a "gas generator”, or "gassifier” turbine to
drive the compressor, and an output turbine to drive the helicopter blades. A typical gas
turbine engine of this type is the General Electric T700 engine shown below, which is used
in the Army Black Hawk helicopter.

(a) Photograph of the GE T700 engine. (b) Section view schematic of GE T700 engine.

Example 6.3: GE T700 Gas Turbine Engine

We wish to do an ideal thermodynamic analysis of the General Electric T700 gas
turbine engine.

Adr Infake

| . ___.'F d I gt i
e e b Axi-Centrifusal ‘\lq_l‘j/:':d.;_ﬁﬁﬂ ~ LEKIEust
L l Compressor Gas Generator —_
Was T | Turbine Power Tarbine

Adr Infake o Compressor:
Pressure ratio
P2/Pl=15

Tl=16'C
Pl=101kPa

=46 ke

Combustion
chamber I

T3 = 1000°C
P3=P2 P5=Pl
qH?/ TS?

Notice that there are two turbines operating on independent output shafts. The High
Pressure (first) turbine, named the Gas Generator Turbine, is directly connected by
a shaft to the compressor. Its sole purpose is to drive the the axial/centrifugal
compressor, thus the energy output of this turbine must equal the energy consumed
by the compressor. The Low Pressure (second) turbine, named the Power Turbine,
is connected via gearing to the helicopter rotor.

Note: Because of the large temperature variation throughout this problem we will
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a)

b)

0

a)

need to consider the temperature dependence of the specific heat capacities of air. In
the above schematic diagram we see that the temperature extremes of the system are
16°C - 1000°C (289 K - 1273 K), giving an average temperature of 781 K. From the
table of Specific Heat Capacities of Air we see that at 800 K, ¢, = 1.099 [kJ/kgK] and
the ratio of specific heat capacities v = 1.354, thus we use those values throughout
this problem.

Assume that the compressor and both turbines are isentropic, and that the combus-
tion process occurs at constant pressure (isobaric). Using the information shown on
the schematic diagram above, do the following:

Sketch the entire process on an h-s diagram, clearly showing the 5 stations on
the diagram and the relevant isentropic and constant pressure lines.

Determine the energy consumed by the compressor [we = -328 kJ/kg], and the
temperature at the outlet of the compressor [T5 = 587 K].

Determine the heat energy absorbed by the working gas in the combustion
chamber gy = 754 kJ/kg].

Determine the temperature [T = 975 K| and the pressure [ps = 546 kPa| at
the outlet of the gas generator turbine.

Determine the temperature [T5 = 627 K] and energy output of the power
turbine [wpr = 382.5 kJ/kg].

Given that the mass flow rate of the working gas through the system is 4.6
kg /s, determine the power output of the power turbine [1.76 MW].

Solution: information shown on the schematic diagram above, do the following:

Sketch the entire process on an h-s diagram, clearly showing the 5 stations on
the diagram and the relevant isentropic and constant pressure lines.

Unlike the case with a pure fluid such as steam, the h-s diagram is not drawn
to scale. Instead, is sketched in order to provide an intuitive graphical under-
standing of the problem.

Furthermore, for an ideal gas the enthalpy is proportional to the temperature,
hence the y-axis can be considered either an enthalpy or temperature axis. The
various temperatures and pressures shown on this diagram are evaluated and
plotted as we progress with the solution.
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A 123K

Gas Generator
Turbine

Temperatwe T [K]
Enthalpy h [kJ/kg]

827K
387 K

Compressor

289 K+

L

Entropy s [kikg K]

b) Determine the energy consumed by the compressor, and the temperature at
the outlet of the compressor.

Ideally both the compressor and the turbine are isentropic devices, thus given
the pressure ratio, in order to determine the temperature we consider the isen-
tropic relations developed for an ideal gas.

Alr Intake

P1 =101 kPa
T]=(l6°C) 289 K
-

adiabatic no kinetic or potential energy

—wpo =CpAT=Cp.(Th -TD)

Compressor
(Isentuopic) :@m!
’éumpressur:
Pressure ratio
PPl =15 =P2=1515kPa
k-1 Cp = 1099 [kKike K]
B x | k=134
ﬁ‘ — T =35387TK
we = -328 [klikg]

isentropic = As=0=Tr =T [
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¢) Determine the heat energy absorbed by the working gas in the combustion
chamber.

no work done o kinetic or potential enersy
OH —f.l— Mh+ })& +
qu = Cp.AT=Cp.(T3 - T)

Combustor

P2 =1315kPa
T =538TK

P3=P1=1515kPa
/ Ts = (1000°C) 1273 K

/ Cp = 1099 [klkg K]
= gy = 1.099 [klkg K](1273 - 58T) K
= 754 [kifkg]

o=

d) Determine the temperature and the pressure at the outlet of the gas generator
turbine.

Once more. since both turbines are isentropic, we use the pressure temperature
relations developed for an isentropic process of an ideal gas.

adiabatic 1o Kinetic or potential ensrzy isenfropic => As=0
}{!WGT=&11+'9J§+9]£ k-1
woT = -CpAT=Cp.(T3 - Ty) Ta_ {ﬂ} -
S Ty |B
wor=-wo=38 kel L .
""GT®:7. Turbine Ty k-1
i = 4
war =328 [Kifks] _{ente) =h= p—"'{T} }
= 1099 [klkg K].(1273 K - T4)

=T4=970K 7 Cp = 1099 [kl/kg K]
P3=1515kPa 7 k=1354

T3=(1000°C) 1273K = Py = 546 kPa

e) Determine the temperature and energy output of the power turbine.
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acliabatic no kinetic or potential energy
}{'— wpT = Ah + 9@ +

P4 =346 kPa wpT = -Cp.AT = Cp.(T4 - Ts)
T4=975K

k-1

- isentiopic = As=0=Tg= T4[5}
Power Tuwrbine Py
{Isentropic)

= T5=62TK
Cp = 1.099 [klkg K]
k=1334
wpr = 1.099 [ldkg K]1.075 -62T) K
P5=P] =101 kPa = 3825 [ld/kg]

[
Lo

f) Given that the mass flow rate of the working gas through the system is 4.6
kg/s, determine the power output of the power turbine.

Kk Kk
52 38255 176 MW
S kg

WPT = meT =4.6
Note that the actual power output of the T700 engine is around 1800 hp, which
is significantly less than the above value (&~ 2360 hp). This is because we have
assumed that the compressor and both turbines are isentropic, which will never
occur in practice. In a later problem, we will extend this exercise to consider a
non-isentropic compressor and turbines.
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Example 6.4: T700 Proposed Turbojet Conversion

In Example 6.3, we did an ideal thermodynamic analysis of the General Electric
T700 helicopter gas turbine engine. In theory, one could unclamp and remove the
power turbine at the rear and replace it with a nozzle to form a turbojet engine.
Consider the schematic diagram of this conversion shown in the figure below:

Alr Intake
4 Anmular Combustor
-El‘:" B et | AT Nozzle

= — Aud-Centrifugal 5
5 l Compressor Gas Generator
rop Turbine
" sl

Compressor:
Pressure ratio
P2Pl=15

Tl=16"C
Pl=101kPa

m=46 ke
Combustion

chamber

a
E P5=Pl

T57
Var
Thrust?

T3 = 1000°C

ﬂ = L]
07 / P3=P2

Notice that the h-s diagram has retained the same shape and characteristics as that
in Example 6.3, with the only difference being that the change in enthalpy on the
nozzle gives rise to a kinetic energy increase, rather than work output.
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A1213K

Temperatwe T [E]
Enthalpy h [ld/lkg]

Compressor

289 K

¥

Entropy s [klflkeg K]

On replacing the power turbine with an isentropic jet nozzle, determine the temper-
ature (T5) and exhaust velocity (V5 - m/s). Given that the mass flow rate of the
working gas through the system is 4.6 kg/s, determine the thrust force at the outlet
of the nozzle (Thrust5 - 1bf). [Note: 1 Ibf (pound force) = 4.46 N]

adiabatic no work done no potential enerzy

/U{!)tﬂ= A+ ;&"% ﬂ;!

Ps=P1 =101 kPa

Mozzle
{lsentropic)

P4 = 546 kPa
-

T4=975K
vﬁ—fg :
SV ST - T

=

k-1 Cp = 1099 [klkg K]
k=135

s E _1,| B
isentropic = As=0=Tg5= T4[p4 . Ts=&7K

Vﬁz [m2/ 52]
7 1000
== V5 =874 [mf]

= 1099 [kke K].O75 -627) K

Thrust = 1h. Vg

-
gy = 4.6 kel

=Thiust = 46 [kgk] 374 [ms]) = 4020 N {approx 700 Thf)

-
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Example 6.5: Flying at altitude

A theoretical jet engine is used to power a plane’s flight at an altitude of 20 km and
a speed of 200 m/s.

All that is known about the engine is that the compressor’s pressure ratio is 18, and
the turbine inlet temperature is 1250 K.

Determine the thrust of the engine if the mass flow of air is 15 kg/s. Find the thermal
efficiency.

Solution:
There are 6 total states that we need to determine [Answers using CoolProp|:

Atmosphere (a) - pressure and temperature at 20 km, with a velocity of 200
m/s [5474 Pa, 216.65 K]

Post-diffuser (1) - the diffuser will convert all of the kinetic energy of the air
into enthalpy. We will assume this is isentropic. Kinetic energy is typically
KE =1/2mV? but we tend to work in mass-specific units, so instead, we will
find ke = 1/2V2. This is in units of J/kg, so remember to convert to kJ/kg!
[h1 = 362.9 kJ/kg, p1 = 7446 Pa|

Post-compressor, ideal (2s) - the compressor has a pressure ratio of 18. We will
assume isentropic for this state. [hos=668 kJ/kg]

Post-compressor, actual (2) - we will use the isentropic efficiency of a compres-
sor (around 80-85 percent, we will use 82%) to find the new enthalpy of this
state, while assuming that the pressure remains the same. [ho=735 kJ/kg]

Post-combustion (3) - we know the turbine inlet temperature, and will assume
that the pressure remains the same from state 2. [h3=1463 kJ /kg]

Post-turbine (4, 4s) - the total amount of work from the turbine (hy — hg)
should be equal to the amount of work from the compressor (ho — hy). This
is not enough to determine a state by itself. We assume that the pressure is
constant between states 4 and 4s, and use the isentropic efficiency of a turbine
(around 85-90 percent, we will use 91%) to determine the enthalpy at state 4s.
The entropy is known there (same as s3), so we can determine the pressure at
state 4s, at which point all information is known for state 4. [hy= 1091 kJ/kg,
hus = 1055 kJ /kg]

Post-nozzle (5) - we set the pressure back to atmospheric and assume that
the nozzle operates isentropically. The difference in energy (hs — hq) will be
converted back to kinetic energy. Remember to convert from kJ/kg to J/kg!
[h5=699 kJ/kg]

Once we have all the states, we need to determine the thrust and the thermal effi-
ciency:

Thrust - T =m(V. = V;)

Once we have both the inlet and outlet velocity, this is relatively trivial.
[Thrust=10.3 kN]
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e Thermal efﬁCienCy - Th = (kenozzle - kediffuser) /qcombustor

We care about the thrust, which is in units of Newtons. We are putting in
energy as heat into the combustor, which is in units of kJ/kg. However, to
find efficiency, we need to have consistent units between the two values. The
easiest thing to do is to find the kinetic energy converted within the nozzle and
diffuser (since we already have the enthaply values).

We can rewrite this as:

_ (h = ha) = (ha = hs)
e = ~— (hgfh;; 5 (6.3)

[T]t},, = 051}

Important notes:

e We should find the enthalpy at each state at a minimum. If we are using

CoolProp, we need the enthalpy and entropy at each state, at a minimum. We
can avoid finding the actual entropy if we are using the ideal gas assumption,
unless we want to plot the cycle on the h-s diagram.

o Whichever path we choose (ideal gas vs. CoolProp), we can write a code in

Colab to find our states and efficiency. If you use the ideal gas law, you can
actually use Excel instead. Be sure to choose good values for air properties!

Pressure ratio is a ratio of pressures (unlike the compression ratio from Chapter
3, which was a ratio of volumes).
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Chapter 6 Homework:

Question 6.1: Consider the adiabatic steam turbine shown below.

P1=1MPa
T1=500"C

P2=10kPa
457 Cruality

a) Carefully plot the turbine process on the h-s diagram and indicate the turbine work
done on the plot.

b) Using steam tables determine the specific work output of the turbine [1015 kJ /kg].

c¢) Using steam tables determine the entropy generated by this process. [0.01 kJ/kg.K].

d) Discuss these results and determine if this is a feasible turbine design.

Question 6.2: Adiabatic Evaluation of a R134a Compressor A young engineer was
assigned to evaluate the compressor of a proposed R-134a refrigeration system shown
below, and assumed it to be adiabatic.

a) Under this assumption, and ignoring kinetic and potential energy effects, determine
the specific work input to the compressor [48.3 kJ/kg].

b) His supervisor checked the results and told him that his assumption was incor-
rect and not physically feasible. On the h-s diagram for R134a, draw the actual
compression process (as assumed) as well as the equivalent isentropic compression
process.

c¢) Using the h-s diagram, as well as relevant data evaluated at the inlet and outlet of
the compressor, explain how she arrived at that conclusion.
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Question 6.3: Previously, we provided a problem concerning a home refrigerator, and
examining it’s performance before and after adding an internal heat exchanger.

Ambient Temp = 32°C

@x) P2x=IMPa
T2x = 100°C
Compressor
(adiabatic)

ar

P3x=P3 =P2x

Throttle
(adiabatic)

Yevap

P4x=Pl=Plx Refrigerant R-134a

a) Plot the actual and the isentropic compressor processes on the enthalpy-entropy
(h-s) diagram for both cases: with and without the internal heat exchanger.

b) Using the R134a tables determine the actual compressor adiabatic efficiency (n¢)
for both cases [75%, 76%]

Question 6.4: A compressor is used to drive R134a through a heat pump. R134a enters
the compressor at a pressure p; = 400 kPa and a temperature 17 = 40°C and leaves at a
pressure po = 1.6 MPa. For the actual compressor, the exit tempearture is T, = 100°C.

a) Carefully plot the actual and isentropic compression processes on the h-s diagram
and indicate the actual and isentropic specific work done to drive the compressor
on the plot.

b) Using R134a refrigerant tables, determine the specific work required to drive the
compressor [43.5 kJ/kg].

c) Using R134a refrigerant tables, determine the adiabatic efficiency of the compressor
[nc = 78%].

d) Discuss these results and determine if this is a feasible compressor design.
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Question 6.5: In Example 6.3 we did an ideal thermodynamic analysis of the General
Electric T700 helicopter gas turbine engine, shown in the following schematic diagram:
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Notice again that there are two turbines operating on independent output shafts. The
High Pressure (first) turbine, named the Gas Generator turbine, is directly connected by
a shaft to the compressor. Its sole purpose is to drive the the compressor, thus the
energy output of this turbine must equal the energy consumed by the compressor. The
Low Pressure (second) turbine, named the Power turbine, is connected via gearing to the
helicopter rotor.

In Example 6.3 we assumed that the compressor and both turbines were isentropic.
In this exercise we wish to extend the analysis to non-isentropic compressor and turbines.

Assume that the compressor adiabatic efficiency nc = 88%, and that each turbine has
an adiabatic efficiency ny = 86%.

a) Sketch the entire process on an h-s diagram, clearly showing the 5 stations on
the diagram and the relevant isentropic and constant pressure lines. Indicate the
relevant actual and isentropic work values on the sketch.

b) Determine the actual energy consumed by the compressor [we .0 = 373 kJ/kg],
and the actual temperature at the outlet of the compressor [T5, = 628K].

c¢) Determine the heat energy absorbed by the working gas in the combustion chamber
g = 709 kJ/kg].

d) Determine the actual temperature [Ty, = 934K] and the pressure [Py = 366 kPa]
at the outlet of the gas generator turbine.

e) Determine the actual temperature [T5,] and energy output of the power turbine
[wpT,act = 252 kJ/kg].
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f) Given that the mass flow rate of the working gas through the system is 4.6 kg/s,
determine the actual power output of the power turbine [1161 kW].

g) Determine the thermal efficiency () of the T700 gas turbine. Compare this value
to the equivalent reversible thermal efficiency and discuss your results.
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Appendix A

Steam Tables

Unless otherwise indicated, all data was sourced from the NIST Chemistry WebBook, Accessed Dec. 2021.

A.1 Saturation Properties for Steam - Temperature

Temp. Pressure Spec. Volume Int. Energy Enthalpy Entropy
T p vy Vg Uy Ug hy hg Sy Sg
°C MPa m?/kg  m3/kg kJ/kg kJ/kg kJ/kg kJ/kg  kJ/kgK = kJ/kgK
0.01 0.00061 0.00100  205.99 0 2374.9 0 2500.9 0.00 9.1555
5 0.00087 0.00100  147.01  21.019 2381.8 21.019  2510.1 0.0763 9.0248
10 0.00123 0.00100 106.3 42.020 2388.6  42.020  2519.2 0.1511 8.8998
15 0.00171 0.00100  77.875  62.980 2395.5 62.980  2528.3 0.2245 8.7803
20 0.00234 0.00100  57.757  83.912  2402.3 83.912 2537.4 0.2965 8.6660
25 0.00317 0.00100  43.337  104.83  2409.1 104.83  2546.5 0.3672 8.5566
30 0.00425 0.00100  32.878  125.73  2415.9 125.73  2555.5 0.4368 8.4520
35 0.00563 0.00101  25.205  146.63  2422.7  146.63  2564.5 0.5051 8.3517
40 0.00738 0.00101  19.515  167.53  2429.4  167.53  2573.5 0.5724 8.2555
45 0.00960 0.00101  15.252  188.43  2436.1  188.43  2582.4 0.6386 8.1633
50 0.01235 0.00101  12.027  209.33  2442.7 209.33  2591.3 0.7038 8.0748
55 0.01576 0.00101  9.5643  230.24  2449.3  230.24  2600.1 0.7680 7.9898
60 0.01995 0.00102  7.6672  251.16  2455.9  251.16  2608.8 0.8313 7.9081
65 0.02504 0.00102  6.1935  272.09  2462.4  272.09 < 2617.5 0.8937 7.8296
70 0.03120 0.00102  5.0395 293.03 2468.9 293.03  2626.1 0.9551 7.7540
75 0.03860 0.00103  4.1289  313.99  2475.2  313.99  2634.6 1.0158 7.6812
80 0.04741 0.00103  3.4052 33496 2481.6 334.96  2643.0 1.0756 7.6111
85 0.05787 0.00103  2.8258  355.95  2487.8  355.95  2651.3 1.1346 7.5434
90 0.07018 0.00104 2.3591  376.97 2494.0 376.97  2659.5 1.1929 7.4781
95 0.08461 0.00104 19806  398.00  2500.0 398.00  2667.6 1.2504 7.4151
100 0.10142 0.00104 1.6718  419.06  2506.0  419.06  2675.6 1.3072 7.3541
105 0.12090 0.00105 1.4184 440.15 2511.9 440.15 2683.4 1.3633 7.2952
110 0.14338 0.00105  1.2093 461.26  2517.7  461.26  2691.1 1.4188 7.2381
115 0.16918 0.00106  1.0358 48241  2523.3 48241  2698.6 1.4737 7.1828
120 0.19867 0.00106  0.8912  503.60  2528.9  503.60  2705.9 1.5279 7.1291
125 0.23224 0.00106  0.7700  524.83  2534.3  524.83  2713.1 1.5816 7.0770
130 0.27028 0.00107  0.6680  546.09  2539.5  546.09  2720.1 1.6346 7.0264
135 0.31323 0.00107  0.5817  567.41  2544.7  567.41 = 2726.9 1.6872 6.9772
140 0.36154 0.00108  0.5085  588.77  2549.6  H88.77  2733.4 1.7392 6.9293
145 0.41568 0.00109  0.4460 610.19  2554.4  610.19  2739.8 1.7907 6.8826
150 0.47616 0.00109  0.3925 631.66  2559.1 631.66  2745.9 1.8418 6.8371
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Temp. Pressure Spec. Volume Int. Energy Enthalpy Entropy

T P v Vg Uy Ug hy hg Sy Sg

°C MPa m3/kg m3/kg klJ/kg kJ/kg kJ/kg kJ/kg kJ/kgK  kJ/kgK
155 0.54350 0.00110  0.3465  653.19  2563.5  653.19  2751.8 1.8924 6.7926
160 0.61823 0.00110  0.3068  674.79  2567.8  674.79  2757.4 1.9426 6.7491
165 0.70093 0.00111  0.2724  696.46  2571.9 696.46  2762.8 1.9923 6.7066
170 0.79219 0.00111  0.2426  718.20  2575.7  718.20  2767.9 2.0417 6.6650
175 0.8926 0.00112  0.2166 ~ 740.02  2579.4  740.02  2772.7 2.0906 6.6241
180 1.0028 0.00113  0.1938  761.92  2582.8 761.92  2777.2 2.1392 6.5840
185 1.1235 0.00113  0.1739  783.91  2586.0 783.91  2781.4 2.1875 6.5447
190 1.2552 0.00114  0.1564  806.00  2589.0  806.00  2785.3 2.2355 6.5059
195 1.3988 0.00115  0.1409  828.18  2591.7  828.18  2788.8 2.2832 6.4678
200 1.5549 0.00116 ~ 0.1272  850.47  2594.2  850.47  2792.0 2.3305 6.4302
205 1.7243 0.00116  0.1151  872.87  2596.4  872.87  2794.8 2.3777 6.3930
210 1.9077 0.00117  0.1043 895.39  2598.3 895.39  2797.3 2.4245 6.3563
215 2.1058 0.00118  0.0947  918.04  2599.9 918.04  2799.3 24712 6.3200
220 2.3196 0.00119  0.0861  940.82  2601.2  940.82  2800.9 2.5177 6.2840
225 2.5497 0.00120  0.0784  963.74  2602.2  963.74  2802.1 2.5640 6.2483
230 2.7971 0.00121  0.0715 986.81  2602.9 986.81  2802.9 2.6101 6.2128
235 3.0625 0.00122  0.0653  1010.0  2603.2 1010.0  2803.2 2.6561 6.1775
240 3.3469 0.00123  0.0597  1033.4 2603.1 1033.4  2803.0 2.7020 6.1423
245 3.6512 0.00124  0.0547  1057.0  2602.7  1057.0  2802.2 2.7478 6.1072
250 3.9762 0.00125  0.0501  1080.8 2601.8 1080.8  2800.9 2.7935 6.0721
255 4.3229 0.00126  0.0459  1104.8  2600.5 1104.8  2799.1 2.8392 6.0369
260 4.6923 0.00128  0.0422  1129.0  2598.7  1129.0  2796.6 2.8849 6.0016
265 5.0853 0.00129  0.0387  1153.4  2596.5  1153.4  2793.5 2.9307 5.9661
270 5.5030 0.00130  0.0356  1178.1  2593.7  1178.1  2789.7 2.9765 5.9304
275 5.9464 0.00132  0.0328  1203.1  2590.3  1203.1  2785.2 3.0224 5.8944
280 6.4166 0.00133  0.0302  1228.3  2586.4  1228.3  2779.9 3.0685 5.8579
285 6.9147 0.00135  0.0278  1253.9  2581.8  1253.9  2773.7 3.1147 5.8209
290 7.4418 0.00137  0.0256  1279.9  2576.5  1279.9 = 2766.7 3.1612 5.7834
295 7.9991 0.00138  0.0235 1306.2  2570.5  1306.2  2758.7 3.2080 5.7451
300 8.5879 0.00140  0.0217  1332.9 2563.6 1332.9  2749.6 3.2552 5.7059
305 9.2094 0.00143  0.0199 1360.2  2555.9  1360.2  2739.4 3.3028 5.6657
310 9.8651 0.00145 0.0183  1387.9  2547.1  1387.9  2727.9 3.3510 5.6244
315 10.556 0.00147  0.0169  1416.3  2537.2  1416.3  2715.1 3.3998 5.5816
320 11.284 0.00150  0.0155  1445.3  2526.0 1445.3  2700.6 3.4494 5.5372
325 12.051 0.00153  0.0142  1475.1  2513.4 14751  2684.3 3.5000 5.4908
330 12.858 0.00156  0.0130  1505.8  2499.2  1505.8  2666.0 3.5518 5.4422
335 13.707 0.00160  0.0118  1537.6  2483.0  1537.6  2645.4 3.6050 5.3906
340 14.601 0.00164 0.0108 1570.6  2464.4 1570.6  2621.8 3.6601 5.3356
345 15.541 0.00168  0.0098  1605.3  2443.1  1605.3  2594.9 3.7176 5.2762
350 16.529 0.00174  0.0088  1642.1  2418.1 1642.1  2563.6 3.7784 5.2110
355 17.570 0.00181  0.0079  1682.0  2388.4  1682.0  2526.6 3.8439 5.1380
360 18.666 0.00190  0.0069  1726.3 2351.8 1726.3  2481.5 3.9167 5.0536
365 19.821 0.00202  0.0060  1777.8  2303.8 1777.8 = 2422.9 4.0014 4.9497
370 21.044 0.00222  0.0050  1844.1  2230.3 1844.1  2334.5 4.1112 4.8012

373.9 22.052 0.00286  0.0034  1977.9  2058.6  1977.9 = 2133.5 4.3402 4.4831
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A.2 Saturation Properties for Steam - Pressure
Pressure  Temp. Spec. Volume Int. Energy Enthalpy Entropy
D T vy Vg Uy Ug hy hg sy Sg
MPa °C m? /kg m?/kg  kJ/kg kJ/kg kJ/kg kJ/kg kJ/kgK  kJ/kgK
0.0010 6.970 0.00100 129.18 29.298  2384.5 29.299  2513.7 0.1059 8.9749
0.0012 9.654 0.00100 108.67 40.568  2388.2  40.569  2518.6 0.1460 8.9082
0.0014 11.969 0.00100 93.899 50.279  2391.3 50.280  2522.8 0.1802 8.8521
0.0016 14.010 0.00100 82.743 58.831  2394.1  58.833  2526.5 0.2100 8.8035
0.002 17.495 0.00100 66.987 73.426  2398.9  73.428  2532.9 0.2606 8.7226
0.003 24.079 0.00100 45.653 100.97  2407.9  100.98  2544.8 0.3543 8.5764
0.004 28.960 0.00100 34.791 121.38 24145  121.39  2553.7 0.4224 8.4734
0.005 32.874 0.00101 28.185 13774 2419.8  137.75  2560.7 0.4762 8.3938
0.006 36.159 0.00101 23.733 151.47 24242 15148  2566.6 0.5208 8.3290
0.008 41.509 0.00101 18.099 173.83 24314  173.84  2576.2 0.5925 8.2273
0.010 45.806 0.00101 14.670 191.80  2437.2 191.81  2583.9 0.6492 8.1488
0.012 49.419 0.00101 12.358 206.90  2442.0 206.91  2590.3 0.6963 8.0849
0.014 52.547 0.00101 10.691 219.98  2446.1  219.99  2595.8 0.7366 8.0311
0.016 55.313 0.00101 9.4306 231.556  2449.8  231.57  2600.6 0.7720 7.9846
0.02 60.058 0.00102 7.6480 251.40  2456.0 251.42  2608.9 0.8320 7.9072
0.03 69.095 0.00102 5.2284 289.24  2467.7  289.27  2624.5 0.9441 7.7675
0.04 75.857 0.00103 3.9930 317.58  2476.3 317.62  2636.1 1.0261 7.6690
0.05 81.317 0.00103 3.2400 340.49  2483.2  340.54  2645.2 1.0912 7.5930
0.06 85.926 0.00103 2.7317 359.84  2489.0 359.91  2652.9 1.1454 7.5311
0.08 93.486 0.00104 2.0871 391.63  2498.2  391.71  2665.2 1.2330 7.4339
0.10 99.606 0.00104 1.6939 41740  2505.6  417.50  2674.9 1.3028 7.3588
0.12 104.78 0.00105 1.4284 439.23  2511.7  439.36  2683.1 1.3609 7.2977
0.14 109.29 0.00105 1.2366 458.27  2516.9  458.42 2690.0 1.4110 7.2461
0.16 113.30 0.00105 1.0914 475.21 25214  475.38  2696.0 1.4551 7.2014
0.2 120.21 0.00106  0.88568  504.49  2529.1 504.70  2706.2 1.5302 7.1269
0.3 133.52 0.00107  0.60576  561.10  2543.2  561.43  2724.9 1.6717 6.9916
0.4 143.61 0.00108  0.46238  604.22  2553.1 604.65  2738.1 1.7765 6.8955
0.5 151.83 0.00109  0.37481  639.54  2560.7  640.09  2748.1 1.8604 6.8207
0.6 158.83 0.00110  0.31558  669.72  2566.8 670.38  2756.1 1.9308 6.7592
0.8 170.41 0.00111  0.24034  719.97  2576.0 720.86  2768.3 2.0457 6.6616
1.0 179.88 0.00113  0.19436  761.39  2582.7  762.52  2777.1 2.1381 6.5850
1.2 187.96 0.00114  0.16326  796.96  2587.8  798.33  2783.7 2.2159 6.5217
1.4 195.04 0.00115  0.14078  828.36  2591.8 829.97  2788.8 2.2835 6.4675
1.6 201.37 0.00116  0.12374  856.60  2594.8  858.46  2792.8 2.3435 6.4199
2 212.38 0.00118  0.09959  906.14  2599.1  908.50  2798.3 2.4468 6.3390
3 233.85 0.00122  0.06666  1004.7  2603.2  1008.3  2803.2 2.6455 6.1856
4 250.35 0.00125  0.04978  1082.5 2601.7  1087.5  2800.8 2.7968 6.0696
) 263.94 0.00129  0.03945  1148.2  2597.0 1154.6  2794.2 2.9210 5.9737
6 275.58 0.00132  0.03245  1206.0 2589.9 1213.9 2784.6 3.0278 5.8901
8 295.01 0.00138  0.02353 1306.2  2570.5  1317.3  2738.7 3.2081 5.7450
10 311.00 0.00145  0.01803  1393.5  2545.2  1408.1  2725.5 3.3606 5.6160
12 324.68 0.00153  0.01426  1473.1  2514.3 14915 2685.4 3.4967 5.4939
14 336.67 0.00161  0.01149  1548.4  2477.1 1571.0  2637.9 3.6232 5.3727
16 347.35 0.00171  0.00931 1622.3  2431.8 1649.7  2580.8 3.7457 5.2463
20 365.75 0.00204  0.00587  1786.4  2295.0 1827.2 2412.3 4.0156 4.9314
22 373.71 0.00270  0.00365  1951.8  2092.8 2011.3 2173.1 4.2945 4.5446
22.064 373.95 0.00311  0.00311  2015.7 2015.7 2084.3  2084.3 4.4070 4.4070
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A.3 Superheated Vapor Properties for Steam

p = 0.010 MPa (Tsq: = 45.8°C)

p = 0.050 MPa (Ts.: = 81.3°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h s v u h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK

Sat. 14.670 2437.2 2583.9 8.1488 3.2400 2483.2 2645.2 7.5930
50 14.867 2443.3 2592.0 8.1741
100 17.196 2515.5 2687.5 8.4489 3.4187 2511.5 2682.4 7.6953
150 19.513 2587.9 2783.0 8.6892 3.8897 2585.7 2780.2 7.9413
200 21.826 2661.3 2879.6 8.9049 4.3562 2660.0 2877.8 8.1592
250 24.136 2736.1 29774 9.1015 4.8206 2735.1 2976.1 8.3568
300 26.446 2812.3 3076.7 9.2827 5.2840 2811.6 3075.8 8.5386
350 28.755 2890.0 3177.5 9.4513 5.7469 2889.4 3176.8 8.7076
400 31.063 2969.3 3279.9 9.6094 6.2094 2968.9 3279.3 8.8659
450 33.371 3050.3 3384.0 9.7584 6.6717 3049.9 3383.5 9.0151
500 35.680 3132.9 3489.7 9.8998 7.1338 3132.6 3489.3 9.1566
550 37.988 3217.2 3597.1 10.034 7.5957 3217.0 3596.8 9.2913
600 40.296 3303.3 3706.3 10.163 8.0576 3303.1 3706.0 9.4201
650 42.603 3391.2 3817.2 10.287 8.5195 3391.0 3816.9 9.5436
700 44.911 3480.8 3929.9 10.406 8.9812 3480.6 3929.7 9.6625
750 47.219 3572.2 4044.4 10.520 9.4430 3572.0 4044.2 9.7773
800 49.527 3665.3 4160.6 10.631 9.9047 3665.2 4160.4 9.8882
850 51.835 3760.3 4278.6 10.739 10.366 3760.1 4278.5 9.9957
900 54.142 3856.9 4398.3 10.843 10.828 3856.8 4398.2 10.100
950 56.450 3955.2 4519.7 10.944 11.290 3955.1 4519.6 10.201
1000 58.758 4055.2 4642.8 11.043 11.751 4055.1 4642.7 10.300
p = 0.10 MPa (Tsq: = 99.6°C) p = 0.20 MPa (T, = 120.2°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v u h S v u h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK

Sat. 1.6939 2505.6 2674.9 7.3588 0.8857 2529.1 2706.2 7.1269
100 1.6959 2506.2 2675.8 7.3610

150 1.9367 2582.9 2776.6 7.6148 0.9599 2577.1 2769.1 7.2810
200 2.1724 2658.2 2875.5 7.8356 1.0805 2654.6 2870.7 7.5081
250 2.4062 2733.9 2974.5 8.0346 1.1989 2731.4 2971.2 7.7100
300 2.6388 2810.6 3074.5 8.2172 1.3162 2808.8 3072.1 7.8941
350 2.8710 2888.7 3175.8 8.3866 1.4330 2887.3 3173.9 8.0644
400 3.1027 2968.3 3278.6 8.5452 1.5493 2967.1 3277.0 8.2236
450 3.3342 3049.4 3382.8 8.6946 1.6655 3048.5 3381.6 8.3734
500 3.5655 3132.2 3488.7 8.8361 1.7814 3131.4 3487.7 8.5152
550 3.7968 3216.6 3596.3 8.9709 1.8973 3215.9 3595.4 8.6502
600 4.0279 3302.8 3705.6 9.0998 2.0130 3302.2 3704.8 8.7792
650 4.2590 3390.7 3816.6 9.2234 2.1287 3390.2 3815.9 8.9030
700 4.4900 3480.4 3929.4 9.3424 2.2443 3479.9 3928.8 9.0220
750 4.7209 3571.8 4043.9 9.4572 2.3599 3571.4 4043.4 9.1369
800 4.9519 3665.0 4160.2 9.5681 2.4755 3664.7 4159.8 9.2479
850 5.1828 3760.0 4278.2 9.6757 2.5910 3759.6 4277.8 9.3555
900 5.4137 3856.6 4398.0 9.7800 2.7066 3856.3 4397.6 9.4598
950 5.6446 3955.0 4519.5 9.8813 2.8221 3954.7 4519.1 9.5612
1000 5.8754 4055.0 4642.6 9.9800 2.9375 4054.8 4642.3 9.6599




A.3. SUPERHEATED VAPOR PROPERTIES FOR STEAM

p = 0.30 MPa (T, = 133.5°C)
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p = 0.40 MPa (T,q = 143.6°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK

Sat. 0.6058 2543.2 2724.9 6.9916 0.4624 2553.1 2738.1 6.8955
150 0.6340 2571.0 2761.2 7.0791 0.4709 2564.4 2752.8 6.9306
200 0.7164 2651.0 2865.9 7.3131 0.5343 2647.2 2860.9 7.1723
250 0.7964 2728.9 2967.9 7.5180 0.5952 2726.4 2964.5 7.3804
300 0.8753 2807.0 3069.6 7.7037 0.6549 2805.1 3067.1 7.5677
350 0.9536 2885.9 3172.0 7.8750 0.7140 2884.4 3170.0 7.7399
400 1.0315 2966.0 3275.5 8.0347 0.7726 2964.9 3273.9 7.9002
450 1.1092 3047.5 3380.3 8.1849 0.8311 3046.6 3379.0 8.0508
500 1.1867 3130.6 3486.6 8.3271 0.8894 3129.8 3485.5 8.1933
550 1.2641 3215.3 3594.5 8.4623 0.9475 3214.6 3593.6 8.3287
600 1.3414 3301.6 3704.0 8.5914 1.0056 3301.0 3703.2 8.4580
650 1.4186 3389.7 3815.3 8.7153 1.0636 3389.1 3814.6 8.5820
700 1.4958 3479.5 3928.2 8.8344 1.1215 3479.0 3927.6 8.7012
750 1.5729 3571.0 4042.9 8.9494 1.1794 3570.6 4042.4 8.8162
800 1.6500 3664.3 4159.3 9.0604 1.2373 3663.9 4158.8 8.9273
850 1.7271 3759.3 4277.4 9.1680 1.2951 3759.0 4277.0 9.0350
900 1.8042 3856.0 4397.3 9.2724 1.3530 3855.7 4396.9 9.1394
950 1.8812 3954.4 4518.8 9.3739 1.4108 3954.2 4518.5 9.2409
1000 1.9582 4054.5 4642.0 9.4726 1.4686 4054.3 4641.7 9.3396
p = 0.50 MPa (T, = 151.8°C) p = 0.60 MPa (T, = 158.8°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v u h S v U h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK

Sat. 0.3748 2560.7 2748.1 6.8207 0.3156 2566.8 2756.1 6.7592
200 0.4250 2643.3 2855.8 7.0610 0.3521 2639.3 2850.6 6.9683
250 0.4744 2723.8 2961.0 7.2724 0.3939 2721.2 2957.6 7.1832
300 0.5226 2803.2 3064.6 7.4614 0.4344 2801.4 3062.0 7.3740
350 0.5702 2883.0 3168.1 7.6346 0.4743 2881.6 3166.1 7.5481
400 0.6173 2963.7 3272.3 7.7955 0.5137 2962.5 3270.8 7.7097
450 0.6642 3045.6 3377.7 7.9465 0.5530 3044.7 3376.5 7.8611
500 0.7109 3129.0 3484.5 8.0892 0.5920 3128.2 3483.4 8.0041
550 0.7576 3213.9 3592.7 8.2249 0.6309 3213.2 3591.8 8.1399
600 0.8041 3300.4 3702.5 8.3543 0.6698 3299.8 3701.7 8.2695
650 0.8506 3388.6 3813.9 8.4784 0.7085 3388.1 3813.2 8.3937
700 0.8970 3478.5 3927.0 8.5977 0.7473 3478.1 3926.4 8.5131
750 0.9433 3570.2 4041.8 8.7128 0.7859 3569.8 4041.3 8.6283
800 0.9897 3663.6 4158.4 8.8240 0.8246 3663.2 4157.9 8.7395
850 1.0360 3758.6 4276.6 8.9317 0.8632 3758.3 4276.2 8.8472
900 1.0823 3855.4 4396.6 9.0362 0.9018 3855.1 4396.2 8.9518
950 1.1285 3953.9 4518.2 9.1377 0.9404 3953.6 4517.8 9.0533
1000 1.1748 4054.0 4641.4 9.2364 0.9789 4053.7 4641.1 9.1521
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p = 0.80 MPa (T, = 170.4°C) p = 1.0 MPa (T4 = 179.9°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.2403 2576.0 2768.3 6.6616 0.1944 2582.7 2777.1 6.5850
200 0.2609 2631.0 2839.7 6.8176 0.2060 2622.2 2828.3 6.6955
250 0.2932 2715.9 2950.4 7.0401 0.2328 2710.4 2943.1 6.9265
300 0.3242 2797.5 3056.9 7.2345 0.2580 2793.6 3051.6 7.1246
350 0.3544 2878.6 3162.2 7.4106 0.2825 2875.7 3158.2 7.3029
400 0.3843 2960.2 3267.6 7.5734 0.3066 2957.9 3264.5 7.4669
450 0.4139 3042.8 3373.9 7.7257 0.3305 3040.9 3371.3 7.6200
500 0.4433 3126.6 3481.3 7.8692 0.3541 3125.0 3479.1 7.7641
550 0.4726 3211.9 3590.0 8.0054 0.3777 3210.5 3588.1 7.9008
600 0.5019 3298.7 3700.1 8.1354 0.4011 3297.5 3698.6 8.0310
650 0.5310 3387.1 3811.9 8.2598 0.4245 3386.0 3810.5 8.1557
700 0.5601 3477.2 3925.3 8.3794 0.4478 3476.2 3924.1 8.2755
750 0.5892 3569.0 4040.3 8.4947 0.4711 3568.1 4039.3 8.3909
800 0.6182 3662.4 4157.0 8.6061 0.4944 3661.7 4156.1 8.5024
850 0.6472 3757.6 4275.4 8.7139 0.5176 3757.0 4274.6 8.6103
900 0.6762 3854.5 4395.5 8.8185 0.5408 3853.9 4394.8 8.7150
950 0.7052 3953.1 4517.2 8.9201 0.5640 3952.5 4516.5 8.8166
1000 0.7341 4053.2 4640.5 9.0189 0.5872 4052.7 4639.9 8.9155

p = 1.2 MPa (T, = 188.0°C) p = 1.4 MPa (Tsq: = 195.0°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v u h S v u h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.1633 2587.8 2783.7 6.5217 0.1408 2591.8 2788.8 6.4675
200 0.1693 2612.9 2816.1 6.5909 0.1430 2602.7 2803.0 6.4975
250 0.1924 2704.7 2935.6 6.8313 0.1636 2698.9 2927.9 6.7488
300 0.2139 2789.7 3046.3 7.0335 0.1823 2785.7 3040.9 6.9552
350 0.2346 2872.7 3154.2 7.2139 0.2003 2869.7 3150.1 7.1379
400 0.2548 2955.5 3261.3 7.3793 0.2178 2953.1 3258.1 7.3046
450 0.2748 3038.9 3368.7 7.5332 0.2351 3037.0 3366.1 7.4594
500 0.2946 31234 3476.9 7.6779 0.2522 3121.8 3474.8 7.6047
550 0.3143 3209.1 3586.3 7.8150 0.2691 3207.7 3584.5 7.7422
600 0.3339 3296.3 3697.0 7.9455 0.2860 3295.1 3695.4 7.8730
650 0.3535 3385.0 3809.2 8.0704 0.3028 3384.0 3807.8 7.9982
700 0.3730 3475.3 3922.9 8.1904 0.3195 3474.4 3921.7 8.1183
750 0.3924 3567.3 4038.2 8.3060 0.3362 3566.5 4037.2 8.2340
800 0.4118 3661.0 4155.2 8.4176 0.3529 3660.2 4154.3 8.3457
850 0.4312 3756.3 4273.8 8.5256 0.3695 3755.6 4273.0 8.4538
900 0.4506 3853.3 4394.0 8.6303 0.3861 3852.7 4393.3 8.5587
950 0.4699 3952.0 4515.9 8.7320 0.4027 3951.4 4515.2 8.6604
1000 0.4893 4052.2 4639.4 8.8310 0.4193 4051.7 4638.8 8.7594
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p = 1.6 MPa (T,q = 201.4°C)
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p = 1.8 MPa (Tyq = 207.1°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK

Sat. 0.1237 2594.8 2792.8 6.4199 0.1104 2597.2 2795.9 6.3775
250 0.1419 2692.9 2919.9 6.6753 0.1250 2686.7 2911.7 6.6087
300 0.1587 2781.6 3035.4 6.8863 0.1403 2777.4 3029.9 6.8246
350 0.1746 2866.6 3146.0 7.0713 0.1546 2863.6 3141.8 7.0120
400 0.1901 2950.7 3254.9 7.2394 0.1685 2948.3 3251.6 7.1814
450 0.2053 3035.0 3363.5 7.3950 0.1821 3033.1 3360.9 7.3380
500 0.2203 3120.1 3472.6 7.5409 0.1955 3118.5 3470.4 7.4845
550 0.2352 3206.3 3582.6 7.6788 0.2088 3205.0 3580.8 7.6228
600 0.2500 3293.9 3693.9 7.8100 0.2220 3292.7 3692.3 7.7543
650 0.2647 3382.9 3806.5 7.9354 0.2351 3381.9 3805.1 7.8799
700 0.2794 3473.5 3920.5 8.0557 0.2482 3472.6 3919.4 8.0004
750 0.2940 3565.7 4036.1 8.1716 0.2613 3564.9 4035.1 8.1164
800 0.3087 3659.5 4153.3 8.2834 0.2743 3658.8 41524 8.2284
850 0.3232 3755.0 4272.2 8.3916 0.2872 3754.3 4271.3 8.3367
900 0.3378 3852.1 4392.6 8.4965 0.3002 3851.5 4391.9 8.4416
950 0.3523 3950.9 4514.6 8.5984 0.3131 3950.3 4514.0 8.5435
1000 0.3669 4051.2 4638.2 8.6974 0.3261 4050.7 4637.6 8.6426
p = 2.0 MPa (T, = 212.4°C) p = 2.5 MPa (T4 = 224.0°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ /kgK m3 /kg kJ/kg kJ/kg kJ/kgK

Sat. 0.0996 2599.1 2798.3 6.3390 0.0799 2602.1 2801.9 6.2558
250 0.1115 2680.2 2903.2 6.5475 0.0871 2663.3 2880.9 6.4107
300 0.1255 2773.2 3024.2 6.7684 0.0989 2762.2 3009.6 6.6459
350 0.1386 2860.5 3137.7 6.9583 0.1098 2852.5 3127.0 6.8424
400 0.1512 2945.9 3248.3 7.1292 0.1201 2939.8 3240.1 7.0170
450 0.1635 3031.1 3358.2 7.2866 0.1302 3026.2 3351.6 7.1767
500 0.1757 3116.9 3468.2 7.4337 0.1400 3112.8 3462.7 7.3254
550 0.1877 3203.6 3579.0 7.5725 0.1497 3200.1 3574.3 7.4653
600 0.1996 3291.5 3690.7 7.7043 0.1593 3288.5 3686.8 7.5979
650 0.2115 3380.8 3803.8 7.8302 0.1689 3378.2 3800.4 7.7243
700 0.2233 3471.6 3918.2 7.9509 0.1784 3469.3 3915.2 7.8455
750 0.2350 3564.0 4034.1 8.0670 0.1878 3562.0 4031.5 7.9620
800 0.2467 3658.0 4151.5 8.1790 0.1972 3656.2 4149.2 8.0743
850 0.2584 3753.6 4270.5 8.2874 0.2066 3752.0 4268.5 8.1830
900 0.2701 3850.9 4391.1 8.3925 0.2160 3849.4 4389.3 8.2882
950 0.2818 3949.8 4513.3 8.4945 0.2253 3948.4 4511.7 8.3904
1000 0.2934 4050.2 4637.0 8.5936 0.2347 4048.9 4635.6 8.4896
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p = 3.0 MPa (T4 = 233.9°C) p = 3.5 MPa (T = 242.6°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0667 2603.2 2803.2 6.1856 0.0571 2602.9 2802.6 6.1243
250 0.0706 2644.7 2856.5 6.2893 0.0588 2624.0 2829.7 6.1764
300 0.0812 2750.8 2994.3 6.5412 0.0685 2738.8 2978.4 6.4484
350 0.0906 2844.4 3116.1 6.7449 0.0768 2836.0 3104.8 6.6601
400 0.0994 2933.5 3231.7 6.9234 0.0846 2927.2 3223.2 6.8427
450 0.1079 3021.2 3344.8 7.0856 0.0920 3016.1 3338.0 7.0074
500 0.1162 3108.6 3457.2 7.2359 0.0992 3104.5 3451.6 7.1593
550 0.1244 3196.6 3569.7 7.3768 0.1063 3193.1 3565.0 7.3014
600 0.1325 3285.5 3682.8 7.5103 0.1133 3282.5 3678.9 7.4356
650 0.1405 3375.6 3796.9 7.6373 0.1202 3372.9 3793.5 7.5633
700 0.1484 3467.0 3912.2 7.7590 0.1270 3464.7 3909.3 7.6854
750 0.1563 3559.9 4028.9 7.8758 0.1338 3557.8 4026.3 7.8027
800 0.1642 3654.3 4146.9 7.9885 0.1406 3652.5 4144.6 7.9156
850 0.1721 3750.3 4266.5 8.0973 0.1474 3748.6 4264.4 8.0247
900 0.1799 3847.9 4387.5 8.2028 0.1541 3846.4 4385.7 8.1303
950 0.1877 3947.0 4510.1 8.3051 0.1608 3945.6 4508.4 8.2328
1000 0.1955 4047.7 4634.1 8.4045 0.1675 4046.4 4632.7 8.3324

p = 4.0 MPa (T4 = 250.4°C) p = 4.5 MPa (T = 257.4°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ /kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0498 2601.7 2800.8 6.0696 0.0441 2599.7 2797.9 6.0197
300 0.0589 2726.2 2961.7 6.3639 0.0514 2713.0 2944.2 6.2854
350 0.0665 2827.4 3093.3 6.5843 0.0584 2818.6 3081.5 6.5153
400 0.0734 2920.7 3214.5 6.7714 0.0648 2914.2 3205.6 6.7070
450 0.0800 3011.0 3331.2 6.9386 0.0708 3005.8 3324.2 6.8770
500 0.0864 3100.3 3446.0 7.0922 0.0765 3096.0 3440.4 7.0323
550 0.0927 3189.5 3560.3 7.2355 0.0821 3186.0 3555.6 7.1767
600 0.0989 3279.4 3674.9 7.3705 0.0877 3276.4 3670.9 7.3127
650 0.1049 3370.3 3790.1 7.4988 0.0931 3367.7 3786.6 7.4416
700 0.1110 3462.4 3906.3 7.6214 0.0985 3460.0 3903.3 7.5646
750 0.1170 3555.8 4023.6 7.7390 0.1039 3553.7 4021.0 7.6826
800 0.1229 3650.6 4142.3 7.8523 0.1092 3648.8 4140.0 7.7962
850 0.1289 3747.0 4262.4 7.9616 0.1145 3745.3 4260.3 7.9057
900 0.1348 3844.8 4383.9 8.0674 0.1197 3843.3 4382.1 8.0118
950 0.1407 3944.2 4506.8 8.1701 0.1250 3942.8 4505.2 8.1146
1000 0.1465 4045.1 4631.2 8.2697 0.1302 4043.9 4629.8 8.2144
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p = 5.0 MPa (T, = 263.9°C)
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p = 6.0 MPa (T, = 275.6°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0394 2597.0 2794.2 5.9737 0.0324 2589.9 2784.6 5.8901
300 0.0453 2699.0 2925.7 6.2110 0.0362 2668.4 2885.5 6.0703
350 0.0520 2809.5 3069.3 6.4516 0.0423 2790.4 3043.9 6.3357
400 0.0578 2907.5 3196.7 6.6483 0.0474 2893.7 3178.2 6.5432
450 0.0633 3000.6 3317.2 6.8210 0.0522 2989.9 3302.9 6.7219
500 0.0686 3091.7 3434.7 6.9781 0.0567 3083.1 3423.1 6.8826
550 0.0737 31824 3550.9 7.1237 0.0610 3175.2 3541.3 7.0307
600 0.0787 3273.3 3666.8 7.2605 0.0653 3267.2 3658.7 7.1693
650 0.0836 3365.0 3783.2 7.3901 0.0694 3359.6 3776.2 7.3001
700 0.0885 3457.7 3900.3 7.5136 0.0735 3453.0 3894.3 7.4246
750 0.0934 3551.6 4018.4 7.6320 0.0776 3547.5 4013.2 7.5438
800 0.0982 3646.9 4137.7 7.7458 0.0816 3643.2 4133.1 7.6582
850 0.1029 3743.6 4258.3 7.8556 0.0857 3740.3 4254.2 7.7685
900 0.1077 3841.8 4380.2 7.9618 0.0896 3838.8 4376.6 7.8751
950 0.1124 3941.5 4503.6 8.0648 0.0936 3938.7 4500.3 7.9784
1000 0.1172 4042.6 4628.3 8.1648 0.0976 4040.1 4625.4 8.0786
p = 7.0 MPa (T4 = 285.8°C) p = 8.0 MPa (Tsq: = 295.0°C)
Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h s v U h s
°C m3 /kg kJ /kg kJ/kg kJ /kgK m3 /kg kJ /kg kJ/kg kJ/kgK
Sat. 0.0274 2581.0 2772.6 5.8148 0.0235 2570.5 2758.7 5.7450
300 0.0295 2633.5 2839.9 5.9337 0.0243 2592.3 2786.5 5.7937
350 0.0353 2770.1 3016.9 6.2304 0.0300 2748.3 2988.1 6.1321
400 0.0400 2879.5 3159.2 6.4502 0.0343 2864.6 3139.4 6.3658
450 0.0442 2979.0 3288.3 6.6353 0.0382 2967.8 3273.3 6.5579
500 0.0482 3074.3 3411.4 6.8000 0.0418 3065.4 3399.5 6.7266
550 0.0520 3167.9 3531.6 6.9506 0.0452 3160.5 3521.8 6.8799
600 0.0557 3260.9 3650.6 7.0910 0.0485 3254.7 3642.4 7.0221
650 0.0593 3354.3 3769.3 7.2231 0.0517 3348.9 3762.3 7.1556
700 0.0629 3448.3 3888.2 7.3486 0.0548 3443.6 3882.2 7.2821
750 0.0664 3543.3 4007.9 7.4685 0.0579 3539.1 4002.6 7.4028
800 0.0699 3639.5 4128.4 7.5836 0.0610 3635.7 4123.8 7.5184
850 0.0733 3736.9 4250.1 7.6944 0.0641 3733.5 4246.0 7.6297
900 0.0768 3835.7 4373.0 7.8014 0.0671 3832.6 4369.3 7.7371
950 0.0802 3935.9 4497.1 7.9050 0.0701 3933.1 4493.8 7.8411
1000 0.0836 4037.5 4622.5 8.0055 0.0731 4035.0 4619.6 7.9419
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p = 9.0 MPa (T, = 303.3°C) p = 10.0 MPa (Tsq: = 311.0°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0205 2558.5 2742.9 5.6791 0.0180 2545.2 2725.5 5.6160
350 0.0258 2724.9 2957.3 6.0380 0.0224 2699.6 2924.0 5.9459
400 0.0300 2849.2 3118.8 6.2876 0.0264 2833.1 3097.4 6.2141
450 0.0335 2956.3 3258.0 6.4872 0.0298 2944.5 3242.3 6.4219
500 0.0368 3056.3 3387.4 6.6603 0.0328 3047.0 3375.1 6.5995
550 0.0399 3153.0 3512.0 6.8164 0.0357 3145.4 3502.0 6.7585
600 0.0429 3248.4 3634.1 6.9605 0.0384 3242.0 3625.8 6.9045
650 0.0458 3343.4 3755.2 7.0953 0.0410 3337.9 3748.1 7.0408
700 0.0486 3438.8 3876.1 7.2229 0.0436 3434.0 3870.0 7.1693
750 0.0514 3534.9 3997.3 7.3443 0.0461 3530.7 3992.0 7.2916
800 0.0541 3632.0 4119.1 7.4606 0.0486 3628.2 4114.5 7.4085
850 0.0569 3730.2 4241.9 7.5724 0.0511 3726.8 4237.8 7.5207
900 0.0596 3829.6 4365.7 7.6802 0.0535 3826.5 4362.0 7.6290
950 0.0622 3930.3 4490.6 7.7844 0.0560 3927.5 4487.3 7.7335
1000 0.0649 4032.4 4616.7 7.8855 0.0584 4029.9 4613.8 7.8349

p = 12.5 MPa (T, = 327.8°C) p = 15.0 MPa (T, = 342.16°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h s v U h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0135 2505.6 2674.3 5.4638 0.0103 2455.6 2610.7 5.3106
350 0.0161 2624.8 2826.6 5.7130 0.0115 2520.9 2693.1 5.4437
400 0.0200 2789.6 3040.0 6.0433 0.0157 2740.6 2975.7 5.8819
450 0.0230 2913.7 3201.4 6.2749 0.0185 2880.7 3157.9 6.1434
500 0.0256 3023.2 3343.6 6.4650 0.0208 2998.4 3310.8 6.3480
550 0.0280 3126.1 3476.5 6.6317 0.0229 3106.2 3450.4 6.5230
600 0.0303 3225.8 3604.6 6.7828 0.0249 3209.3 3583.1 6.6796
650 0.0325 3324.1 3730.2 6.9227 0.0268 3310.1 3712.1 6.8233
700 0.0346 3422.0 3854.6 7.0539 0.0286 3409.8 3839.1 6.9572
750 0.0367 3520.1 3978.6 7.1782 0.0304 3509.4 3965.2 7.0836
800 0.0387 3618.7 4102.8 7.2967 0.0321 3609.2 4091.1 7.2037
850 0.0407 3718.3 4227.5 7.4102 0.0338 3709.8 4217.1 7.3185
900 0.0427 3818.9 4352.9 7.5194 0.0355 3811.2 4343.7 7.4288
950 0.0447 3920.6 4479.2 7.6249 0.0372 3913.6 4471.0 7.5350
1000 0.0466 4023.5 4606.5 7.7269 0.0388 4017.1 4599.2 7.6378
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p = 17.5 MPa (Tya = 354.7°C)
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p = 20.0 MPa (T,q = 365.8°C)

Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h s
°C m3 /kg kJ/kg kJ/kg kJ/kgK m3 /kg kJ/kg kJ/kg kJ/kgK
Sat. 0.0079 2390.5 2529.3 5.1431 0.0059 2295.0 2412.3 4.9314
400 0.0125 2684.3 2902.4 5.7211 0.0100 2617.9 2816.9 5.5525
450 0.0152 2845.4 31114 6.0212 0.0127 2807.2 3061.7 5.9043
500 0.0174 2972.4 3276.7 6.2424 0.0148 2945.3 3241.2 6.1446
550 0.0193 3085.8 3423.6 6.4266 0.0166 3064.7 3396.1 6.3389
600 0.0211 3192.5 3561.3 6.5890 0.0182 3175.3 3539.0 6.5075
650 0.0227 3295.8 3693.8 6.7366 0.0197 3281.4 3675.3 6.6593
700 0.0243 3397.5 3823.5 6.8734 0.0211 3385.1 3807.8 6.7990
750 0.0259 3498.6 3951.7 7.0019 0.0225 3487.7 3938.1 6.9297
800 0.0274 3599.7 4079.3 7.1236 0.0239 3590.1 4067.5 7.0531
850 0.0289 3701.2 4206.8 7.2398 0.0252 3692.6 4196.4 7.1705
900 0.0303 3803.4 4334.5 7.3511 0.0265 3795.7 4325.4 7.2829
950 0.0318 3906.6 4462.9 7.4582 0.0278 3899.5 4454.7 7.3909
1000 0.0332 4010.7 4592.0 7.5616 0.0290 4004.3 4584.7 7.4950
p = 25.0 MPa (supercritical) p = 30.0 MPa (supercritical)
Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v U h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK
400 0.00600 2428.5 2578.6 5.1400 0.00280 2068.9 2152.8 4.4757
450 0.00918 2721.2 2950.6 5.6759 0.00674 2618.9 2821.0 5.4421
500 0.01114 2887.3 3165.9 5.9642 0.00869 2824.0 3084.7 5.7956
550 0.01274 3020.8 3339.2 6.1816 0.01018 2974.5 3279.7 6.0402
600 0.01414 3140.0 3493.5 6.3637 0.01145 3103.4 3446.7 6.2373
650 0.01543 3251.9 3637.7 6.5242 0.01259 3221.7 3599.4 6.4074
700 0.01664 3359.9 3776.0 6.6702 0.01365 3334.3 3743.9 6.5598
750 0.01780 3465.8 3910.9 6.8054 0.01466 3443.6 3883.4 6.6997
800 0.01892 3570.7 4043.8 6.9322 0.01563 3551.2 4020.0 6.8300
850 0.02001 3675.4 4175.6 7.0523 0.01656 3658.0 4154.9 6.9529
900 0.02108 3780.2 4307.1 7.1668 0.01747 3764.6 4288.8 7.0695
1000 0.02315 3991.5 4570.2 7.3820 0.01924 3978.6 4555.8 7.2880
p = 35.0 MPa (supercritical) p = 40.0 MPa (supercritical)
Temp. | Volume Energy Enthalpy Entropy | Volume Energy Enthalpy Entropy
T v U h S v u h S
°C m? /kg kJ/kg kJ/kg kJ/kgK m? /kg kJ/kg kJ/kg kJ/kgK
400 0.00211 1914.9 1988.6 4.2143 0.00191 1854.9 1931.4 4.1145
450 0.00496 2497.5 2671.0 5.1945 0.00369 2364.2 2511.8 4.9448
500 0.00693 2755.3 2997.9 5.6331 0.00562 2681.6 2906.5 5.4744
550 0.00835 2925.8 3218.0 5.9092 0.00698 2875.0 3154.4 5.7857
600 0.00952 3065.6 3398.9 6.1228 0.00809 3026.8 3350.4 6.0170
650 0.01057 3190.9 3560.7 6.3030 0.00905 3159.5 3521.6 6.2078
700 0.01152 3308.3 3711.6 6.4622 0.00993 3282.0 3679.1 6.3740
750 0.01242 3421.2 3855.9 6.6069 0.01075 3398.6 3828.4 6.5236
800 0.01328 3531.5 3996.3 6.7409 0.01152 3511.8 3972.6 6.6612
850 0.01410 3640.5 4134.2 6.8665 0.01226 3623.1 4113.6 6.7896
900 0.01490 3748.9 4270.6 6.9853 0.01298 3733.3 4252.5 6.9106
1000 0.01645 3965.8 4541.5 7.2069 0.01436 3952.9 4527.3 7.1355
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A.4 Compressed Liquid Properties for Water

p = 5.0 MPa (T, = 263.9°C) p = 10 MPa (Tyq = 311.0°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T P U h s p U h S
°C kg/m3 kJ/kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
20 1000.4 83.609 88.607 0.29543 1002.7 83.308 93.281 0.29435
40 994.36 166.92 171.95 0.57046 996.52 166.33 176.36 0.56851
60 985.33 250.29 255.36 0.82865 987.48 249.42 259.55 0.8260
80 973.97 333.82 338.95 1.0723 976.17 332.69 342.94 1.0691
100 960.63 417.64 422.85 1.3034 962.93 416.23 426.62 1.2996
120 945.49 501.90 507.19 1.5236 947.94 500.18 510.73 1.5191
140 928.63 586.79 592.18 1.7344 931.28 584.71 595.45 1.7293
160 910.05 672.55 678.04 1.9374 912.95 670.06 681.01 1.9315
180 889.65 759.46 765.08 2.1338 892.88 756.48 767.68 2.1271
200 867.26 847.91 853.68 2.3251 870.94 844.31 855.80 2.3174
220 842.58 938.39 944.32 2.5127 846.84 934.00 945.81 2.5037
240 815.10 1031.6 1037.7 2.6983 820.18 1026.1 1038.3 2.6876
260 784.03 1128.5 1134.9 2.8841 790.30 1121.6 1134.3 2.8710
280 756.07 1221.8 1235.0 3.0565
300 715.29 1329.4 1343.3 3.2488
Sat. 777.37 1148.2 1154.6 2.9210 688.42 1393.5 1408.1 3.3606
p = 15.0 MPa (Ts.+ = 342.2°C) p = 20.0 MPa (Ts.: = 365.8°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T P U h S p U h S
°C kg/m? kJ/kg kJ/kg kJ/kgK kg/m? kJ/kg kJ/kg kJ/kgK
20 1004.9 83.007 97.934 0.29323 1007.1 82.708 102.57 0.29207
40 998.65 165.75 180.77 0.56656 1000.8 165.17 185.16 0.56461
60 989.60 248.58 263.74 0.8234 991.71 247.75 267.92 0.8208
80 978.35 331.59 346.92 1.0659 980.49 330.50 350.90 1.0627
100 965.20 414.85 430.39 1.2958 967.44 413.50 434.17 1.2920
120 950.35 498.49 514.28 1.5148 952.72 496.85 517.84 1.5105
140 933.87 582.69 598.75 1.7243 936.42 580.71 602.07 1.7194
160 915.79 667.63 684.01 1.9259 918.57 665.27 687.05 1.9203
180 896.04 753.58 770.32 2.1206 899.12 750.77 773.02 2.1143
200 874.50 840.84 857.99 2.3100 877.97 837.49 860.27 2.3027
220 850.95 929.80 947.43 2.4951 854.91 925.77 949.16 2.4867
240 825.03 1021.0 1039.2 2.6774 829.67 1016.1 1040.2 2.6676
260 796.20 1115.1 1134.0 2.8586 801.78 1109.0 1134.0 2.8469
280 763.58 1213.4 1233.0 3.0409 770.52 1205.5 1231.5 3.0265
300 725.55 1317.6 1338.3 3.2279 734.71 1307.1 1334.4 3.2091
320 678.77 1431.9 1454.0 3.4263 692.06 1416.6 1445.5 3.3996
340 613.07 1567.9 1592.4 3.6555 637.23 1540.2 1571.6 3.6086
360 548.01 1703.6 1740.1 3.8787
Sat. 603.52 1585.3 1610.2 3.6846 490.19 1786.4 1827.2 4.0156
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p = 25.0 MPa (supercritical)

p = 30.0 MPa (supercritical)
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Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy

T 0 u h S P U h s

°C kg/m?3 kJ /kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
20 1009.3 82.409 107.18 0.29089 1011.5 82.112 111.77 0.28968
40 1002.9 164.61 189.53 0.56265 1004.9 164.05 193.90 0.56069
60 993.79 246.94 272.09 0.81821 995.84 246.14 276.26 0.81564
80 982.61 329.44 354.88 1.0595 984.71 328.40 358.86 1.0564
100 969.65 412.17 437.95 1.2883 971.82 410.87 441.74 1.2847
120 955.05 495.24 521.41 1.5062 957.35 493.66 525.00 1.5020
140 938.93 578.78 605.41 1.7146 941.39 576.89 608.76 1.7098
160 921.30 662.98 690.11 1.9148 923.97 660.74 693.21 1.9094
180 902.13 748.05 775.76 2.1081 905.07 745.40 778.54 2.1020
200 881.33 834.24 862.61 2.2956 884.62 831.10 865.02 2.2888
220 858.75 921.88 951.00 2.4786 862.46 918.14 952.93 2.4707
240 834.12 1011.4 1041.3 2.6582 838.40 1006.9 1042.7 2.6491

260 807.06 1103.2 1134.2 2.8357 812.10 1097.8 1134.7 2.8250
280 777.01 1198.3 1230.5 3.0129 783.10 1191.5 1229.8 3.0001
300 743.02 1297.6 1331.3 3.1919 750.66 1288.9 1328.9 3.1760
320 703.49 1403.4 1438.9 3.3764 713.58 1391.6 1433.7 3.3557
340 655.13 15194 1557.5 3.5731 669.70 1502.3 1547.1 3.5438
360 589.31 1656.2 1698.6 3.7993 614.39 1626.7 1675.6 3.7498
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A.5 Steam Pressure-Enthalpy (p-h) Diagram
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A.6. STEAM ENTHALPY-ENTROPY (H-S) DIAGRAM

A.6 Steam Enthalpy-Entropy (h-s) Diagram
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Appendix B

R134a (Tetraflouroethane) Tables

Unless otherwise indicated, all data was sourced from the NIST Chemistry WebBook, Accessed Dec. 2021.

B.1 Saturation Properties for R134a - Temperature

Temp. Pressure Density Int. Energy Enthalpy Entropy
T P Pf Pg Uy Ug hy hg S¢ Sg
°C MPa kg/m?*  keg/m®* kJ/kg kJ/kg klJ/kg kJ/kg kJ/kegK  kJ/kgK
-40 0.05121 1417.7  2.7695  148.11  355.51  148.14  374.00 0.7956 1.7643
-38 0.05682 14119  3.0529  150.62  356.66  150.66  375.27 0.8063 1.7615
-36 0.06291 1406.1  3.3590  153.14  357.81  153.18  376.54 0.8170 1.7588
-34 0.06951 1400.2  3.6890  155.66  358.96  155.71  377.80 0.8276 1.7563
-32 0.07666 1394.3  4.0441 158.19  360.11  158.25  379.06 0.8381 1.7538
-30 0.08438 1388.4  4.4259  160.73  361.25  160.79  380.32 0.8486 1.7515
-28 0.09270 1382.4  4.8356  163.28  362.40 163.34  381.57 0.8591 1.7492
-26 0.10167 1376.5  5.2748  165.83  363.55  165.90  382.82 0.8694 1.7471
-24 0.11130 1370.4  5.7450  168.39  364.70  168.47  384.07 0.8798 1.7451
-22 0.12165 1364.4  6.2477 17096  365.84  171.05  385.32 0.8900 1.7432
-20 0.13273 1358.3  6.7845  173.54  366.99  173.64  386.55 0.9003 1.7413
-18 0.14460 1352.1  7.3571 176.12  368.13  176.23  387.79 0.9104 1.7396
-16 0.15728 13459 79673  178.72  369.28  178.83  389.02 0.9205 1.7379
-14 0.17082 1339.7  8.6168  181.32  370.41  181.44  390.24 0.9306 1.7363
-12 0.18524 1333.4  9.3074  183.93  371.55  184.07  391.46 0.9407 1.7348
-10 0.20060 1327.1 10.041 186.55  372.69  186.70  392.66 0.9507 1.7334
-8 0.21693 1320.8  10.820  189.17  373.82  189.34  393.87 0.9606 1.7320
-6 0.23428 1314.3  11.646  191.81 37495 191.99  395.06 0.9705 1.7307
-4 0.25268 1307.9  12.521 194.45  376.07 194.65  396.25 0.9804 1.7294
-2 0.27217 13014  13.448  197.11  377.19 19732  397.43 0.9902 1.7282
0 0.29280 1294.8 14.428  199.77  378.31  200.00  398.60 1.0000 1.7271
2 0.31462 1288.1 15.465 20245  379.42  202.69  399.77 1.0098 1.7260
4 0.33766 1281.4  16.560  205.13  380.53  205.40  400.92 1.0195 1.7250
6 0.36198 12747 17717 20783  381.63  208.11  402.06 1.0292 1.7240
8 0.38761 1267.9  18.938  210.53  382.73  210.84  403.20 1.0388 1.7230
10 0.41461 1261.0 20.226 213.25 383.82 213.58 404.32 1.0485 1.7221
12 0.44301 1254.0 21.584 215.98 384.90 216.33 405.43 1.0581 1.7212
14 0.47288 1246.9  23.015  218.71  385.98  219.09  406.53 1.0677 1.7204
16 0.50425 1239.8  24.522  221.46  387.05  221.87  407.61 1.0772 1.7196
18 0.53718 1232.6  26.109  224.23  388.11  224.66  408.69 1.0867 1.7188
20 0.57171 1225.3  27.780  227.00  389.17  227.47  409.75 1.0962 1.7180
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Temp. Pressure Density Int. Energy Enthalpy Entropy

T p P Pg uf Ug hy hg Sf Sg

°C MPa kg/m*  kg/m®  kJ/kg kJ/kg kJ/kg kJ/kg kJ/kgK = kJ/kegK
22 0.60789 1218.0  29.539  229.79  390.21  230.29  410.79 1.1057 1.7173
24 0.64578 1210.5  31.389  232.59  391.25  233.12  411.82 1.1152 1.7166
26 0.68543 1202.9  33.335 23540  392.28  235.97  412.84 1.1246 1.7159
28 0.72688 1195.2  35.382  238.23  393.29  238.84 413.84 1.1341 1.7152
30 0.77020 1187.5  37.535  241.07  394.30  241.72  414.82 1.1435 1.7145
32 0.81543 1179.6  39.799  243.93  395.29  244.62  415.78 1.1529 1.7138
34 0.86263 1171.6 42180  246.80  396.27  247.54  416.72 1.1623 1.7131
36 0.91185 1163.4  44.683  249.69  397.24  250.48  417.65 1.1717 1.7124
38 0.96315 1155.1  47.316  252.60  398.19  253.43  418.55 1.1811 1.7118
40 1.0166 1146.7 50.085 255.52 399.13 256.41 419.43 1.1905 1.7111
42 1.0722 1138.2 52,998 25846  400.05  259.41  420.28 1.1999 1.7103
44 1.1301 1129.5  56.064  261.42  400.96  262.43  421.11 1.2092 1.7096
46 1.1903 1120.6  59.292  264.40  401.84  265.47  421.92 1.2186 1.7089
48 1.2529 1111.5  62.690  267.41  402.71  268.53  422.69 1.2280 1.7081
50 1.3179 1102.3 66.272 270.43 403.55 271.62 423.44 1.2375 1.7072
52 1.3854 1092.9  70.047 27347  404.37  274.74  424.15 1.2469 1.7064
54 1.4555 1083.2  74.030  276.54  405.17  277.89  424.83 1.2563 1.7055
56 1.5282 1073.4  78.235  279.64 40594  281.06  425.47 1.2658 1.7045
58 1.6036 1063.2  82.679  282.76  406.67  284.27  426.07 1.2753 1.7035
60 1.6818 1052.9  87.379 28591  407.38  287.50  426.63 1.2848 1.7024
62 1.7628 1042.2 92.358 289.09 408.06 290.78 427.14 1.2944 1.7013
64 1.8467 1031.2  97.637  292.30 408.69  294.09  427.61 1.3040 1.7000
66 1.9337 1020.0  103.24  295.55  409.29  297.44  428.02 1.3137 1.6987
68 2.0237 1008.3  109.21  298.83  409.84 300.84  428.36 1.3234 1.6972
70 2.1168 996.25 115.57  302.16  410.33  304.28  428.65 1.3332 1.6956
72 2.2132 983.76 122.37  305.53  410.78  307.78  428.86 1.3430 1.6939
74 2.3130 970.78 129.65  308.95  411.16  311.33  429.00 1.3530 1.6920
76 2.4161 957.25  137.48  312.42 41147 31494  429.04 1.3631 1.6899
78 2.5228 943.10 14593 31595 411.70  318.63  428.98 1.3733 1.6876
80 2.6332 928.24  155.08  319.55  411.83  322.39  428.81 1.3836 1.6850
82 2.7473 912.56 165.05 323.23 411.87 326.24 428.51 1.3942 1.6821
84 2.8653 895.91 175.97  327.00 411.77  330.20  428.05 1.4049 1.6789
86 2.9874 878.10  188.05  330.88  411.53  334.28  427.42 1.4159 1.6752
88 3.1136 858.86  201.52  334.89  411.10  338.51  426.55 1.4273 1.6710
90 3.2442 837.83  216.76  339.06  410.45  342.93  425.42 1.4390 1.6662
92 3.3793 814.43 234.31 343.44 409.49 347.59 423.92 1.4514 1.6604
94 3.5193 787.75  255.08  348.11  408.13 352,58  421.92 1.4645 1.6534
96 3.6645 756.09  280.73  353.23  406.13  358.07  419.18 1.4789 1.6445
98 3.8152 715.51  315.13  359.14  403.03  364.47  415.14 1.4957 1.6322
100 3.9724 651.18  373.01  367.20 397.03 373.30  407.68 1.5188 1.6109

101.06 4.0591 511.90  511.90  381.71 381.71  389.64  389.64 1.5621 1.5621
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B.2 Saturation Properties for R134a - Pressure
Pressure  Temp. Density Int. Energy Enthalpy Entropy
P T Py Py uf Uy hy hg sf 5
MPa °C kg/m®  kg/m®  kJ/kg kJ/kg  kJ/kg  kJ/kg kJ/kegK = kJ/kgK
0.02 -56.41 1464.3 1.1484 127.75 346.17 127.77 363.58 0.7051 1.7931
0.04 -44.60 1430.9 2.1973 142.36 352.88 142.39 371.09 0.7707 1.7713
0.06 -36.94 1408.8 3.2131 151.96  357.27 152.00 375.94 0.8120 1.7601
0.08 -31.12 1391.7  4.2096 159.31 360.61 159.37  379.62 0.8428 1.7528
0.10 -26.36 1377.5 5.1932 165.37  363.34 165.44  382.60 0.8676 1.7475
0.12 -22.31 1365.3 6.1677 170.56 365.67 170.65 385.12 0.8884 1.7435
0.14 -18.76 1354.5 7.1353 175.14 367.70 175.24 387.32 0.9066 1.7402
0.16 -15.59 1344.7 8.0979 179.25 369.51 179.37  389.27 0.9226 1.7376
0.18 -12.71 1335.7 9.0566 183.00  371.15 183.13 391.02 0.9371 1.7353
0.20 -10.08 1327.4 10.012 186.45 372.64 186.60 392.62 0.9503 1.7334
0.22 -7.64 1319.6 10.966 189.65 374.02 189.82 394.09 0.9624 1.7317
0.24 -5.37 1312.3 11.918 192.65 375.30 192.83 395.44 0.9736 1.7303
0.26 -3.24 1305.4 12.869 195.47  376.50 195.67  396.70 0.9841 1.7290
0.28 -1.23 1298.8 13.820 198.14 377.62 198.35 397.89 0.9940 1.7278
0.30 0.67 1292.6 14.770 200.67  378.68 200.90 399.00 1.0033 1.7267
0.32 2.48 1286.5 15.721 203.09 379.69 203.34 400.04 1.0121 1.7257
0.34 4.20 1280.8 16.671 205.40 380.64 205.66 401.03 1.0204 1.7249
0.36 5.84 1275.2 17.623 207.61 381.54 207.90 401.97 1.0284 1.7240
0.38 7.42 1269.9 18.575 209.74  382.41 210.04  402.87 1.0360 1.7233
0.40 8.93 1264.7 19.529 211.79 383.24 212.11 403.72 1.0433 1.7226
0.45 12.48 1252.3 21.918 216.63 385.16 216.99 405.69 1.0604 1.7210
0.50 15.74 1240.8 24.317 221.10 386.91 221.50 407.47 1.0759 1.7197
0.55 18.75 1229.9 26.729 225.27 388.51 225.72 409.09 1.0903 1.7185
0.60 21.57 1219.5 29.155 229.19 389.99 229.68  410.57 1.1037 1.7175
0.65 24.22 1209.7 31.596 232.89 391.36 233.43 411.94 1.1162 1.7165
0.70 26.71 1200.2 34.054 236.41 392.64 236.99 413.20 1.1280 1.7156
0.80 31.33 1182.2 39.025 242.97 394.96 243.65 415.46 1.1497 1.7140
0.90 35.53 1165.4 44.078 249.01 397.01 249.78 417.43 1.1695 1.7126
1.0 39.39 1149.3 49.222 254.63 398.85 255.50 419.16 1.1876 1.7113
1.1 42.97 1134.0 54.465 259.90 400.49 260.87 420.69 1.2044 1.7100
1.2 46.32 1119.2 59.815 264.88 401.98 265.95 422.04 1.2201 1.7087
1.3 49.46 1104.8 65.280 269.60 403.32 270.78 423.24 1.2349 1.7075
1.4 52.42 1090.9 70.870 274.12 404.54 275.40 424.30 1.2489 1.7062
1.5 55.23 1077.2 76.595 278.45 405.64 279.84 425.23 1.2622 1.7049
1.6 57.91 1063.7 82.464 282.61 406.64 284.11 426.04 1.2748 1.7036
1.8 62.90 1037.3 94.682 290.52 408.35 292.26  427.36 1.2987 1.7007
2.0 67.48 1011.4 107.63 297.98  409.70  299.95  428.28 1.3209 1.6976
2.2 71.73 985.47 121.42 305.07 410.72 307.30 428.84 1.3417 1.6941
2.4 75.69 959.38 136.24 311.88 411.42 314.38 429.04 1.3615 1.6902
2.6 79.41 932.74 152.28 318.47 411.80 321.26 428.88 1.3805 1.6858
2.8 82.90 905.19 169.84 324.92 411.84  328.01 428.33 1.3990 1.6807
3.0 86.20 876.21 189.35 331.28 411.49 334.70 427.34 1.4171 1.6748
3.2 89.33 845.09 211.44 337.64 410.70 341.43 425.83 1.4350 1.6679
3.4 92.30 810.67 237.19 344.12 409.32 348.31 423.65 1.4533 1.6595
3.6 95.12 770.79 268.69 350.91 407.11 355.58  420.50 1.4724 1.6487
3.8 97.80 720.15 311.11 358.50  403.41 363.77  415.63 1.4939 1.6336
4.0 100.34 632.87 390.23 369.25 395.13 375.57  405.38 1.5247 1.6046
4.0591 101.06 511.90 511.90 381.71 381.71 389.64 389.64 1.5621 1.5621
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B.3 Superheated Vapor Properties for Refrigerant R134a

p = 0.06 MPa (T,q = -36.9°C)

p = 0.10 MPa (Tyq; = -26.4°C)

Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S p U h S
°C kg/m? kJ/kg kJ/kg kJ/kgK kg/m? kJ/kg kJ/kg kJ/kgK
Sat. 3.2131 357.27 375.94 1.7601 5.1933 363.34 382.60 1.7475
-30 3.1105 361.93 381.22 1.7821
-20 2.9755 368.74 388.91 1.8131 5.0401 367.81 387.65 1.7677
-10 2.8532 375.70 396.73 1.8433 4.8208 374.89 395.64 1.7986
0 2.7415 382.80 404.69 1.8730 4.6232 382.10 403.73 1.8288
10 2.6390 390.07 412.81 1.9022 4.4433 389.45 411.95 1.8584
20 2.5444 397.50 421.08 1.9310 4.2784 396.94 420.31 1.8874
30 2.4567 405.10 429.52 1.9593 4.1266 404.59 428.82 1.9159
40 2.3752 412.86 438.12 1.9872 3.9860 412.40 437.49 1.9441
50 2.2991 420.79 446.88 2.0147 3.8554 420.37 446.30 1.9718
60 2.2280 428.88 455.81 2.0419 3.7336 428.49 455.28 1.9991
70 2.1613 437.14 464.90 2.0688 3.6198 436.78 464.41 2.0261
80 2.0986 445.56 474.15 2.0954 3.5130 445.23 473.70 2.0528
90 2.0395 454.14 483.56 2.1216 3.4126 453.84 483.14 2.0792
100 1.9837 462.89 493.14 2.1477 3.3181 462.61 492.74 2.1053
p = 0.14 MPa (T, = -18.8°C) p = 0.18 MPa (T, = -12.7°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T p U h S P U h S
°C kg/m3 kJ/kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
Sat. 7.1353 367.70 387.32 1.7402 9.0566 371.15 391.02 1.7353
-10 6.8467 374.05 394.50 1.7680 8.9369 373.17 393.31 1.7441
0 6.5517 381.37 402.74 1.7987 8.5310 380.62 401.72 1.7754
10 6.2861 388.81 411.08 1.8287 8.1699 388.15 410.18 1.8059
20 6.0446 396.37 419.53 1.8580 7.8445 395.79 418.73 1.8355
30 5.8234 404.08 428.12 1.8868 7.5484 403.55 427.40 1.8646
40 5.6197 411.93 436.84 1.9151 7.2772 411.46 436.19 1.8931
50 5.4312 419.94 445.72 1.9430 7.0273 419.51 445.12 1.9212
60 5.2561 428.10 454.74 1.9705 6.7959 427.71 454.20 1.9489
70 5.0928 436.42 463.91 1.9977 6.5808 436.06 463.41 1.9761
80 4.9401 444.90 473.24 2.0244 6.3802 444.56 472.78 2.0030
90 4.7968 453.53 482.72 2.0509 6.1923 453.22 482.29 2.0296
100 4.6621 462.32 492.35 2.0771 6.0160 462.03 491.95 2.0558
p = 0.20 MPa (T, = -10.1°C) p = 0.24 MPa (T, = -5.4°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S P U h s
°C kg/m?3 kJ/kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
Sat. 10.012 372.64 392.62 1.7334 11.918 375.30 395.44 1.7303
-10 10.009 372.70 392.68 1.7337
0 9.5410 380.23 401.20 1.7654 11.605 379.43 400.11 1.7475
10 9.1281 387.81 409.73 1.7961 11.079 387.13 408.79 1.7787
20 8.7577 395.49 418.33 1.8259 10.612 394.89 417.51 1.8090
30 8.4220 403.29 427.04 1.8551 10.192 402.75 426.30 1.8385
40 8.1152 411.22 435.87 1.8838 9.8102 410.74 435.20 1.8674
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p = 0.20 MPa (T,y = -10.1°C)

p = 0.24 MPa (T,q = -5.4°C)

Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S P U h s
°C kg/m?3 kJ /kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
50 7.8332 419.29 444.83 1.9120 9.4609 418.86 444.22 1.8957
60 7.5725 427.51 453.92 1.9397 9.1393 427.11 453.37 1.9236
70 7.3306 435.88 463.16 1.9670 8.8417 435.51 462.65 1.9511
80 7.1051 444.39 472.54 1.9939 8.5652 444.06 472.08 1.9781
90 6.8944 453.06 482.07 2.0206 8.3072 452.75 481.64 2.0048
100 6.6967 461.88 491.75 2.0468 8.0658 461.59 491.35 2.0312
p = 0.28 MPa (T, = -1.2°C) p = 0.32 MPa (Ts,; = 2.5°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S P U h s
°C kg/m?3 kJ /kg kJ /kg kJ /kgK kg/m3 kJ/kg kJ/kg kJ /kgK
Sat. 13.820 377.62 397.89 1.7278 15.721 379.69 400.04 1.7257
0 13.733 378.59 398.98 1.7318
10 13.079 386.42 407.83 1.7636 15.131 385.68 406.83 1.7501
20 12.505 394.27 416.66 1.7943 14.440 393.64 415.80 1.7812
30 11.994 402.21 425.55 1.8241 13.829 401.65 424.79 1.8113
40 11.532 410.25 434.53 1.8532 13.280 409.75 433.85 1.8407
50 11.111 418.41 443.61 1.8818 12.783 417.96 443.00 1.8695
60 10.725 426.71 452.81 1.9098 12.330 426.30 452.25 1.8977
70 10.369 435.14 462.14 1.9374 11.912 434.77 461.63 1.9254
80 10.039 443.71 471.61 1.9646 11.527 443.37 471.13 1.9527
90 9.7319 452.43 481.20 1.9914 11.169 452.11 480.77 1.9796
100 9.4452 461.30 490.94 2.0178 10.835 461.00 490.54 2.0062
110 9.1765 470.31 500.82 2.0440 10.523 470.03 500.44 2.0324
120 8.9241 479.47 510.85 2.0698 10.230 479.21 510.49 2.0583
p = 0.40 MPa (Tsq: = 8.9°C) p = 0.50 MPa (T, = 15.7°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S p u h S
°C kg/m? kJ/kg kJ/kg kJ/kgK kg/m? kJ/kg kJ/kg kJ/kgK
Sat. 19.529 383.24 403.72 1.7226 24.317 386.91 407.47 1.7197
10 19.415 384.12 404.72 1.7261
20 18.446 392.32 414.01 1.7584 23.744 390.55 411.61 1.7339
30 17.607 400.50 423.22 1.7893 22.554 398.99 421.16 1.7659
40 16.865 408.73 432.45 1.8192 21.526 407.40 430.63 1.7967
50 16.201 417.05 441.74 1.8484 20.619 415.86 440.11 1.8265
60 15.600 425.47 451.11 1.8770 19.808 424.40 449.64 1.8555
70 15.050 434.01 460.58 1.9050 19.074 433.04 459.25 1.8839
80 14.546 442.67 470.17 1.9325 18.406 441.78 468.95 1.9118
90 14.080 451.47 479.88 1.9596 17.792 450.65 478.75 1.9392
100 13.647 460.41 489.72 1.9864 17.225 459.65 488.67 1.9661
110 13.244 469.48 499.68 2.0127 16.700 468.78 498.72 1.9927
120 12.867 478.69 509.78 2.0387 16.211 478.04 508.88 2.0189
130 12.513 488.05 520.02 2.0645 15.753 487.44 519.18 2.0447
140 12.181 497.55 530.39 2.0899 15.324 496.98 529.60 2.0703
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p = 0.60 MPa (Ts,; = 21.6°C) p = 0.70 MPa (Tsq: = 26.7°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S P U h s
°C kg/m?3 kJ /kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
Sat. 29.155 389.99 410.57 1.7175 34.054 392.64 413.20 1.7156
30 27.790 397.37 418.96 1.7455 33.371 395.62 416.60 1.7269
40 26.409 406.01 428.73 1.7772 31.549 404.53 426.72 1.7598
50 25.215 414.63 438.43 1.8077 30.010 413.35 436.67 1.7910
60 24.161 423.30 448.13 1.8373 28.674 422.16 446.57 1.8212
70 23.218 432.04 457.88 1.8661 27.493 431.01 456.47 1.8505
80 22.366 440.87 467.70 1.8943 26.435 439.94 466.42 1.8791
90 21.590 449.82 477.61 1.9220 25.478 448.97 476.44 1.9070
100 20.877 458.88 487.62 1.9492 24.605 458.09 486.54 1.9345
110 20.219 468.06 497.74 1.9759 23.804 467.34 496.74 1.9615
120 19.609 477.37 507.97 2.0023 23.064 476.70 507.05 1.9880
130 19.040 486.82 518.33 2.0283 22.377 486.19 517.47 2.0142
140 18.509 496.39 528.81 2.0540 21.737 495.80 528.01 2.0400
p = 0.80 MPa (T, = 31.3°C) p = 0.90 MPa (T, = 35.5°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T P u h S p U h S
°C kg/m? kJ/kg kJ/kg kJ/kgK kg/m? kJ/kg kJ/kg kJ/kgK
Sat. 39.025 394.96 415.46 1.7140 44.078 397.01 417.43 1.7126
40 36.988 402.96 424.59 1.7436 42.781 401.28 422.32 1.7283
50 35.030 412.00 434.84 1.7758 40.307 410.59 432.92 1.7616
60 33.363 420.97 444.95 1.8067 38.247 419.74 443.28 1.7932
70 31.908 429.96 455.03 1.8364 36.478 428.87 453.54 1.8236
80 30.619 438.99 465.12 1.8654 34.928 438.01 463.78 1.8530
90 29.462 448.10 475.25 1.8937 33.550 447.21 474.03 1.8816
100 28.414 457.30 485.45 1.9214 32.309 456.48 484.34 1.9096
110 27.457 466.60 495.73 1.9486 31.183 465.85 494.71 1.9370
120 26.578 476.01 506.12 1.9754 30.153 475.32 505.17 1.9640
130 25.764 485.55 516.60 2.0017 29.205 484.90 515.72 1.9905
140 25.009 495.21 527.20 2.0277 28.327 494.61 526.38 2.0166
150 24.305 504.99 537.91 2.0533 27.511 504.43 537.14 2.0423
160 23.646 514.91 548.74 2.0786 26.750 514.38 548.02 2.0678
p = 1.0 MPa (Tsq; = 39.4°C) p = 1.2 MPa (T, = 46.3°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T p U h S p U h S
°C kg/m?3 kJ/kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
Sat. 49.222 398.85 419.16 1.7113 59.815 401.98 422.04 1.7087
40 49.004 399.45 419.86 1.7135
50 45.880 409.09 430.88 1.7482 58.136 405.77 426.41 1.7223
60 43.350 418.46 441.53 1.7806 54.335 415.70 437.79 1.7570
70 41.218 427.74 452.00 1.8116 51.277 425.36 448.76 1.7895
80 39.372 437.00 462.40 1.8414 48.710 434.90 459.53 1.8204
90 37.746 446.30 472.79 1.8705 46.499 444.41 470.22 1.8502
100 36.295 455.65 483.20 1.8988 44.558 453.94 480.87 1.8792
110 34.985 465.09 493.67 1.9264 42.830 463.53 491.54 1.9074
120 33.792 474.62 504.21 1.9536 41.275 473.18 502.25 1.9350
130 32.700 484.25 514.83 1.9803 39.862 482.92 513.02 1.9621
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p=1.0 MPa (T, = 39.4°C)

p = 1.2 MPa (T, = 46.3°C)

Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T 0 u h S P U h s
°C kg/m?3 kJ /kg kJ/kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
140 31.692 494.00 525.55 2.0065 38.569 492.76 523.87 1.9886
150 30.758 503.86 536.37 2.0324 37.379 502.70 534.81 2.0148
160 29.889 513.84 547.30 2.0579 36.277 512.76 545.84 2.0405
170 29.076 523.95 558.34 2.0831 35.252 522.93 556.97 2.0660
180 28.314 534.19 569.51 2.1080 34.295 533.23 568.22 2.0910
p = 1.4 MPa (Tsq; = 52.4°C) p = 1.6 MPa (T, = 57.9°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T p U h S p U h S
°C kg/m? kJ /kg kJ /kg kJ/kgK kg/m3 kJ/kg kJ/kg kJ/kgK
Sat. 70.871 404.54 424.30 1.7062 82.464 406.64 426.04 1.7036
60 66.643 412.61 433.62 1.7345 80.824 409.04 428.84 1.7120
70 62.267 422.77 445.25 1.7689 74.458 419.91 441.40 1.7491
80 58.745 432.65 456.48 1.8012 69.628 430.24 453.22 1.7831
90 55.794 442.42 467.51 1.8320 65.722 440.32 464.66 1.8150
100 53.255 452.16 478.45 1.8617 62.443 450.29 475.91 1.8456
110 51.028 461.90 489.34 1.8905 59.620 460.22 487.06 1.8751
120 49.049 471.70 500.24 1.9186 57.143 470.16 498.16 1.9037
130 47.269 481.55 511.17 1.9460 54.941 480.15 509.27 1.9316
140 45.654 491.49 522.16 1.9730 52.960 490.19 520.40 1.9589
150 44.177 501.52 533.21 1.9994 51.163 500.32 531.59 1.9856
160 42.818 511.65 544.35 2.0254 49.519 510.53 542.84 2.0119
170 41.560 521.89 555.58 2.0510 48.007 520.84 554.17 2.0378
180 40.392 532.25 566.91 2.0763 46.608 531.26 565.59 2.0632
p = 1.8 MPa (Tsqt = 62.9°C) p = 2.0 MPa (T, = 67.5°C)
Temp. | Density Energy Enthalpy Entropy | Density Energy Enthalpy Entropy
T p U h s p U h s
°C kg/m? kJ/kg kJ/kg kJ/kgK kg/m? kJ/kg kJ/kg kJ/kgK
Sat. 94.682 408.35 427.36 1.7007 107.63 409.70 428.28 1.6976
70 88.275 416.68 437.07 1.7293 104.46 412.91 432.06 1.7086
80 81.570 427.61 449.67 1.7655 94.886 424.70 445.77 1.7480
90 76.405 438.07 461.63 1.7989 88.003 435.66 458.38 1.7833
100 72.198 448.32 473.25 1.8305 82.612 446.24 470.45 1.8160
110 68.652 458.46 484.68 1.8607 78.182 456.63 482.21 1.8471
120 65.590 468.58 496.02 1.8899 74.426 466.93 493.80 1.8770
130 62.900 478.70 507.32 1.9183 71.172 477.21 505.31 1.9059
140 60.504 488.86 518.61 1.9460 68.304 487.49 516.77 1.9340
150 58.348 499.08 529.93 1.9731 65.745 497.82 528.24 1.9614
160 56.389 509.38 541.30 1.9996 63.438 508.21 539.74 1.9883
170 54.597 519.77 552.74 2.0257 61.339 518.68 551.28 2.0146
180 52.948 530.25 564.25 2.0514 59.417 529.23 562.89 2.0405
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B.4 R134a Pressure-Enthalpy (p-h) Diagram
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B.5. R134A ENTHALPY-ENTROPY (H-S) DIAGRAM

B.5 R134a Enthalpy-Entropy (h-s) Diagram
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Appendix C

Properties of Various Ideal Gases

C.1 Properties of Select Ideal Gases at 300 K

Gas Constant Specific Heats Critical Properties
Gas Name Formula M Ryas Cy Cp T. Pe Pe Z,.
kg/kmol kJ/kgK | kJ/kgK kJ/kgK K MPa  kg/m3 -
Air! - 28.970 0.2870 | 0.7177  1.0048 | 132.53 3.786  342.7 0.2905
Argon Ar 39.948 0.2081 0.3122 0.5203 | 150.69 4.863 535.6  0.2895
Butane C4Hyg 58.122 0.1431 1.5594 1.7024 | 425.13 3.796 228.0 0.2738
Carbon Dioxide COq 44.010 0.1889 | 0.6569  0.8459 | 304.13 7.377  467.6 0.2746
Carbon Monoxide CO 28.010 0.2968 | 0.7435 1.0404 | 132.86 3.494  303.9 0.2915
Ethane C2Hg 30.069 0.2765 1.4760  1.7526 | 305.32 4.872  206.2 0.2799
Ethylene CoHy 28.053 0.2964 1.2393 1.5357 | 282.50 5.060 214.1  0.2822
Helium He 4.0026 2.0773 3.1161 5.1932 | 5.1953 0.228 69.58  0.3041
Hydrogen H, 2.0159 4.1245 10.186 14.310 | 33.145 1.296 31.26  0.3033
Methane CH,4 16.043 0.5183 1.7119 2.2301 | 190.56  4.599 162.7  0.2863
Neon Ne 20.180 0.4120 0.6181 1.0303 | 44.400 2.662 486.0 0.2994
Nitrogen Ny 28.013 0.2968 | 0.7429  1.0397 | 126.19 3.396  313.3 0.2894
Octane CgHg 114.23 0.0728 1.5901 1.0458 | 568.74 2.484 232.0 0.2586
Oxygen 05 31.999 0.2598 0.6585 0.9183 | 154.58 5.043 436.1  0.2879
Propane CsHg 44.096 0.1886 1.4828 1.6713 | 369.89 4.251 220.0 0.2771
Steam H,O 18.015 0.4615 1.4033 1.8649 | 647.10 22.064 322.0 0.2294
C.2 Ideal Gas Specific Heats of Air!
Temp. h Cy Cp vy Temp. h Cy Cp 5y
K kJ/kg kJ/kgK  kJ/kgK - K kJ/kg kJ/kgK  kJ/kgK -
200 326.20 0.7154 1.0024 1.4013 1100 1287.46 0.8717 1.1587 1.3293
300 426.53 0.7177 1.0048 1.3999 1150 1345.60 0.8798 1.1668 1.3263
400 527.37 0.7263 1.0133 1.3952 1200 1404.14 0.8874 1.1744 1.3235
500 629.45 0.7423 1.0294 1.3867 1250 1463.04 0.8945 1.1815 1.3209
600 733.43 0.7638 1.0509 1.3758 1300 1522.28 0.9011 1.1882 1.3185
700 839.70 0.7877 1.0747 1.3644 1350 1581.85 0.9074 1.1944 1.3163
800 948.37 0.8115 1.0985 1.3537 1400 1641.72 0.9132 1.2003 1.3143
900 1059.36 0.8337 1.1208 1.3443 1450 1701.87 0.9188 1.2058 1.3124
1000 1172.46 0.8539 1.1409 1.3362 1500 1762.29 0.9239 1.2110 1.3107

IData from CoolProp
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C.3. COMPRESSIBILITY CHARTS

C.3 Compressibility Charts
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