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Thermodynamics can be defined as the science of
energy . The name thermodynamics stems from the
Greek words therme (heat) and dynamis (power)

Energy can be viewed as the ability to cause
changes.

One of the most fundamental laws of nature is the
Conservation of energy principle. It simply states
that during an interaction, energy can change from
one form to another but the total amount of energy
remains constant. That is, energy cannot be created
or destroyed.

A rock falling off a cliff, for example, picks up
speed as a result of its potential energy being
converted to kinetic energy (Fig. 1-1).

The First law of thermodynamics is simply an
expression of the conservation of energy principle,
and it asserts that emergy is a thermodynamic
property.

A person who has a greater energy input (food)
than energy output (exercise) will gain. weight
(store energy in the form of fat), and a person who
has a smaller energy input than output will lose
weight (Fig. 1-2).

The Second law of thermodynamics asserts that
energy has quality as well'as quantity, and actual
processes occur in the direction of decreasing
quality of energy.

For example, a cup of hot coffee left on a table
eventually cools, but a cup of cool coffee in the
same room.never gets hot by itself (Fig. 1-3).
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FIGURE 1-3

Heat flows in the direction of decreasing
temperature.
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FIGURE 1-1
Energy cannot be created or destroyed; it can only
change forms (the first law)
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Conservation of energy principle for the human
body



This macroscopic approach to the study of thermodynamics that does not require a knowledge of
the behavior of individual particles is called classical thermodynamics. It provides a direct and
easy way to the solution of engineering problems.

A more elaborate approach, based on the average behavior of large groups of individual particles,
is called statistical thermodynamics. This microscopic approach is rather involved and is used in
this text only in the supporting role.

1.1 Application Areas of Thermodynamics

Thermodynamics is commonly encountered in many
engineering systems and other aspects of life, and one
does not need to go very far to see some application "
areas of it. In fact, one does not need to go anywhere.
The heart is constantly pumping blood to all parts of

the human body, various energy conversions occur in Solar
trillions of body cells, and the body heat generated is collectors .
constantly rejected to the environment. The human
comfort is closely tied to the rate of this metabolic heat
rejection. We try to control this heat transfer rate by
adjusting our clothing to the environmental
conditions. Other applications of thermodynamics are
right where one lives. An ordinary house is, in some
respects, an exhibition hall filled with. wonders of
thermodynamics (Fig. 1-4).

exchanger

FIGURE 14

The design of many engineering systems, such
as this solar hot water system, involves
thermodynamics.

1.2 IMPORTANCE'OF DIMENSIONS AND UNITS

Any physical quantity can be characterized by dimensions. The magnitudes assigned to the
dimensions are called units. Some basic dimensions such as mass m, length L, time ¢ and
temperature 7 are selected as primary or fundamental dimensions, while others such as velocity
V, energy E, and volume V are expressed in terms of the primary dimensions and are called
secondary dimensions, or derived dimensions. A number of unit systems have been developed
over the years. Despite strong efforts in the scientific and engineering community to unify the
world with a single unit system, two sets of units are still in common use today: The English
system, which is also known as the United States.
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Some application‘areas of thermodynamics

1.3 Some'SI and“English Units

As pointed out, the» SI is based on a decimal

relationship* between units. The prefixes used to LM
express the multiples of the various units are listed in VA
Table 1-2. They are standard for all units, and the (10° 02)
student is encouraged to memorize them because of
their widespread use (Fig. 1-6). FIGURE 1-6
The SI unit prefixes are used in all branches
1 Ibm = 0.45359 kg of engineering.

1ft=0.3048 m



In SI, the force unit is the newton (N), and it is defined
as the force required to accelerate a mass of 1 kg at a
rate of 1 m/s2. In the English system, the force unit is
the pound-force (Ibf) and is defined as the force
required to accelerate a mass of 32.174 lbm (I slug) at
a rate of 1 ft/s2 (Fig. 1-7).

F = (Mass) (acceleration)
F=mxa
1N=1Kg.m/s?
1 Ibf = 32.174 Ibm . ft/s?

a =1 mfs?
m=1kg F=1N

a=1 fifs?
m=32.174 Ibm F=1Ibf

FIGURE 1-7 The definition of the force units.

A force of 1 N is roughly equivalent to.the weight of'a
small apple (m = 102 g), whereas a forece of 1.1bf is
roughly equivalent to the weight of our medium apples
(mtotal = 454 g) as shown in Fig. 1-8. Another force
unit in common use in many European countries is the
kilogram-force (kgf), which is the weight of 1 kg mass
at sea level (1 kgt =9.807 N).

1 kef
FIGURE 1-8
The relative
magnitudes of 10 :p?'l‘:‘
the force units " "_% _ P
newton (N), Lapple TER m =~ 1 Ibm
kilogram- waLLCE 15 =R

N - R, Ny
force (kgf), ; ,___\‘ E ?"Fl iy
and pound- i , | l
force (Ibf) 1 Ibf

TABLE 1-1

The seven fundamental (or primary)
dimensions and their units in SI

Dimension Unit

Length meter (m)
Mass kilogram (kg)
Time second (s)
Temperature kelvin (K)
Electric current ampere (A)
Amount of light candela (cd)
Amount of matter mole (mol)

TABLE 1-2

Standard prefixes in S| units

Multiple Prefix
102 yotta, Y
10%! zetta, Z
1018 exa, E
1015 peta, P
1012 tera, T
109 giga, G
108 mega, M
103 kilo, k
102 hecto, h
10! deka, da
107! deci, d
102 centi, ¢
103 milli, m
10°® micro, w
10~2 nano, n
1012 pico, p
10715 femto, f
10718 atto, a
105"t zepto, z
10-24 yocto, y




The term weight is often incorrectly used to express
mass, particularly by the “weight watchers.” Unlike
mass, weight W is a force. It is the gravitational force
applied to a body, and its magnitude is determined
from Newton’s second law,

W=mg(N)
A body weighs less on top of a mountain since g
decreases with altitude. On the surface of the moon, an
astronaut weighs about one sixth of what she or he
normally weighs on earth (Fig. 1-9).
At sea level a mass of 1 kg weighs 9.807 N, as
illustrated in Fig. 1-10. A mass of 1 lbm, however,
weighs 1 1bf, which misleads people to believe that
pound-mass and pound-force can be used
interchangeably as pound (Ib), which is a major source
of error in the English system. :
Work, which is a form of energy, can simply be defined FIGURE 1-9
as force times distance; therefore, it has the unit ~A'body weighing 150 Ibf on earth will weigh
“newton-meter (N-m),” which is called a joule (J). That  only 25 [bf on the moon.
18, 1J=1Nm

1KJ=10° J

In the English system, the energy unit is the Bfu
(British thermal unit), which is defined as the energy
required to raise the temperature of L. 1bm of water at
68°F by 1°F. In the metric system, the amount of
energy needed to raise the temperature of 1.g of water
at 14.5°C by 1°C is «defined as 1 calorie (cal), W

g = 9.807 m/s> g =32.174 fu/s?

9.807 kg-m/s” W

32.174 Ibm-fifs”
1

_ =980T N Ibf
1 cal —_4.})86?.{(. _ 1 kef

. : S Th ight of a unit t sea level.
The unit for timerate of energy 1s joule per second (J/s), © WEIEht Of a Uit ass at sea feve

which is called a watt (W).
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FIGURE 1-11
Always check the units in your calculations



1.5 SYSTEMS AND CONTROL VOLUMES

A system is defined as a quantity of matter or a region in space chosen for study. The mass or
region outside the system is called the surroundings. The real or imaginary surface that separates
the system from its surroundings is called the boundary (Fig. 1-12). The boundary of a system
can be fixed or movable. Note that the boundary is the contact surface shared by both the system
and the surroundings. Mathematically speaking, the boundary has zero thickness, and thus it can
neither contain any mass nor occupy any volume in space. Systems may be considered to be closed
or open, depending on whether a fixed mass or a fixed volume in space is chosen for study. A
closed system (also known as a control mass or just system when the context makes it clear)
consists of a fixed amount of mass, and no mass can cross its boundary. That is, no mass can enter
or leave a closed system, as shown in Fig. /-13. But energy, in the form-of heat or work, can cross
the boundary; and the volume of a closed system does not have to be fixed. If, as.a special case,
even energy is not allowed to cross the boundary, that system is_ealled andsolated system.

Consider the piston-cylinder device shown in Fig. 1-14. Let us say that we would like to find out
what happens to the enclosed gas when it is heated. Since'we are focusing our attention on the gas,
it is our system. The inner surfaces of the piston and the cylinder form the boundary, and since no
mass is crossing this boundary, it is a closed system. Notice that energy may cross the boundary,
and part of the boundary (the inner surface of the piston, in this case) may move. Everything
outside the gas, including the piston and the cylinder, is the surroundings.

Surroundings

amm— Moving
o o / boundary
% {
i y Mass No '
5 System ! Closed
1 y system
s - -
/ m = constant
Boundary )
FIGURE 1212 Encrgy Yes '
System, surroundings, W% Fixed
and boundary. FIGURE 1-13 . boundary

Mass cannot cross the boundaries FIGURE 1-14
of a closed system, but energy can. A .]osed system with a moving
boundary.

An open system, or a control volume, as it is often called, is a properly selected region in space. It
usually encloses a device that involves mass flow such as a compressor, turbine, or nozzle. Flow
through these devices is best studied by selecting the region within the device as the control
volume. Both mass and energy can cross the boundary of a control volume.




In the case of a nozzle, the inner surface of  Imaginary

the nozzle forms the real part of the boundary,  boundary Real boundary
and the entrance and exit areas form the ‘*x\
imaginary part, since there are no physical “*x.ql
surfaces there (Fig. 1-15a). :
control volume can be fixed in size and shape, |
e

as in the case of a nozzle, or it may involve a
moving boundary, as shown in Fig. 1-15b.
As an example of an open system, consider the
water heater shown in Fig. 1-16.

(c) A control volume (CV) with real and
imaginary boundaries

.

: ~Moving

| boundary

|

: CV

|

] Fixed

|' — boundary

[B) A control volume (CWV) with fixed and
moving boundaries as well as real and
imaginary boundaries

FIGURE 1-15
A control volume can involve fixed, moving,
real, and imaginary boundaries.

FIGURE 1-16
An open system (a control volume) with one
inlet and one exit.

1.6 PROPERTIES OF A SYSTEM

Any characteristic of a system is called a property. Some familiar properties are pressure P,
temperature 7, volume V, and mass m. The list can be extended to include less familiar ones such
as viscosity, thermal conductivity, modulus of elasticity, thermal expansion coefficient, electric
resistivity, and even velocity and elevation



Properties are considered to be either intensive or
extensive. Intensive properties are those that are
independent of the mass of a system, such as
temperature, pressure, and density. Extensive
properties are those whose values depend on the
size or extent of the system.as shown in Fig. 1-17.
Extensive properties per unit mass are called specific
properties. Some examples of specific properties
are specific volume (v = V/m) and specific total
energy (e =E/m).

1.6 STATE AND EQUILIBRIUM

Thermodynamics deals with equilibrium states.

The word equilibrium implies a state of balance. In
an equilibrium state there are no unbalanced
potentials (or driving forces) within the system.

thermal equilibrium if the temperature is the
same throughout the entire system, as shown in
Fig. 1-18.

Mechanical equilibrium is related to pressure,
and a system is in mechanical equilibrium if there
is no change in pressure at any point of the system
with time

If a system involves two phases, it is in phase
equilibrium when the mass of each phase reaches
an equilibrium level and stays there

chemical equilibrium if its chemical composition
does not change with time, that is, no chemical
reactions occur.

T m o~ oo =

—

L)
|
|
|
|
|
|
|
|
|
|
1

Extensive
properties

Intensive
properties

FIGURE1-17 Criterion to differentiate
intensive and extensive properties.

200C 23°C 32°C 32°C
30°C 32°C
seC 40°0C 32°%C 32°C
42°C 32°C
i 1) Before (b)) After
FIGURE 1-18

A closed system reaching thermal

equilibrium.



1.7 PROCESSES AND CYCLES

Any change that a system undergoes from one equilibrium state to another is called a process, and
the series of states through which a system passes during a process is called the path of the process
(Fig. 1-19). When a process proceeds in such a manner that the system remains infinitesimally
close to an equilibrium state at all times, it is called a quasi-static, or quasi-equilibrium, process.

Property A
A
- State 2
(o) Slow compression
{guasi-equilibrium)
Process path
State 1
- »
Properiy B
FIGURE 1-19

(b) Very fast compression
(nonguasi-equilibrium)
FIGURE 1-20
Quasi-equilibrium and non quasi equilibrium
compression processes.

A process between states 1 and 2 and the
process path.

Pi
Final state

standards to which actual  processes. can be
compared. Process diagrams plotted by employing
thermodynamic properties as.coordinates are very
useful in visualizing the processes. Some common
properties that  are used .as coordinates are
temperature 7, pressure P, and volume V (or
specific volume v). Figure 1-21 shows the P-V
diagram of a compression process of a gas.

Process path

Initial
state

Vi v

An isothermal process, for example, is a
process during which the temperature 7T
remains constant; an isobaric process is a
process during which the pressure P remains
constant, and an isochoric (or isometric)
process is a process during which the specific
volume v remains constant.

A system is said to have undergone a cycle if
it returns to its initial state at the end of the FIGURE 1-21

process. That is, for a cycle the initial and final The P-J diagram of a compression process.
states are identical.




1.8 The Steady-Flow Process

The terms steady and uniform are used
frequently in engineering, and thus it is
important to have a clear understanding of
their meanings. The term steady implies no
change with time. The opposite of steady is
unsteady, or transient. The term uniform,
however, implies no change with location over a
specified region. These meanings are consistent
with their everyday use (steady girlfriend, uniform
properties, etc.)

large number of engineering devices operate
for long periods of time under the same
conditions, and they are classified as steady-
flow devices

steady-flow process, which can be defined as a
process during which a fluid flows through a
control volume steadily (Fig. 1-22) .That is,
the fluid properties can change from point to
point within the control volume, but at any
fixed point they remain the same during the
entire process. Therefore, the volume V7, the
mass m, and the total energy content E of the
control volume remain constant®.during. a
steady flow process (Fig. 1-23)

Steady-flow  conditions .can .be closely
approximated by devices that are intended for
continuous operation such as turbines,  pumps,
boilers, condensers, and heat exchangers or power
plants or refrigeration systems.

AL AT AT AT T

FIGURE 1-24

Two bodies reaching thermal equilibrium
after being brought into contact in an isolated
enclosure.

yd
Mass _.,d 300°C  250°C

in

Control volume

225°C
Mass
200°C  150°C out
Time: 1 pm
yd
Mass _,d 300°C  250°C
in
Control volume
225°C
Mass
- out
200°C  150°C
Time: 3 pm

FGURE1-22 During a steady-flow process,
fluid properties within the control volume may
change with position but not with time.

Mass s ﬂ
in Control
volume
m':-v = Cconst.
Mass
E ;= const —
out

FIGURE 1-23 Under steady-flow conditions,
the mass and energy contents of a control
volume remain constant

That is, when a body is brought into contact with
another body that is at a different temperature, heat
is transferred from the body at higher temperature
to the one at lower temperature until both bodies
attain the same temperature (Fig. 1-24).

At that point, the heat transfer stops, and the
two bodies are said to have reached thermal
equilibrium



1.8 TEMPERATURE AND THE ZEROTH LAW OF THERMODYNAMICS

The zeroth law of thermodynamics states that if two bodies are in thermal equilibrium with a
third body, they are also in thermal equilibrium with each other.

By replacing the third body with a thermometer, the zeroth law can be restated as two bodies are
in thermal equilibrium if both have the same temperature reading even if they are not in contact

1.8 Temperature Scales

All temperature scales are based on some easily reproducible states. such as the
freezing and boiling points of water, which are also called the ice point'and the steam point,
respectively. A mixture of ice and water that is in equilibrium with air saturated with vapor at 1
atm pressure is said to be at the ice point and a mixture of liquid water and water vapor (with no
air) in equilibrium at 1 atm pressure is said to be at the steam point.

The temperature scales used in the SI and in the English system today are the Celsius scale and
the Fahrenheit scale in English unit system

In thermodynamics, it is very desirable to have a temperature scale that is independent of the
properties of any substance or substances. Such a temperature scale is called a thermodynamic
temperature scale

The thermodynamic temperature scale in the SI is the Kelvin scale
The thermodynamic temperature scale in the English system is the Rankine scale

temperature scale that turns out to be mearly identical to the Kelvin scale is the ideal-gas
temperature scale. The temperatures on this scale are measured using a constant-volume gas
thermometer

. A T(°C) T(K) P (kPa)
Triple
0,01 1 27316 32.02 1 491.69 point of
water -273.15
FIGURE 1-25 A constant-volume gas
—273.15 [H 0 —459.67 [0 Absolute thermometer would read 2273.15°C at absolute
(® (® zero pressure
FIGURE 1-26

Comparison of temperature scales



A comparison of various temperature scales is given in Fig. 1-27

» The reference temperature in the original Kelvin scale was the ice point, 273.15 K, which
is the temperature at which water freezes (or ice melts).

* The reference point was changed to a much more precisely reproducible point, the #riple
point of water (the state at which all three phases of water coexist in equilibrium), which
is assigned the value 273.16 K.

T(K) = T(C") + 273.15

T(R) = T(F°) +459.67 FIGURE 1-27

TR)= 1.8 T (K) Comparison of 1K 1°C| 18R| 1.8°F
T(F’) =18 T (C° + 32 magnitudes of various

AT(K) = AT(C") temperature units.

A T(R) = A T(F")

1.9 PRESSURE

Pressure is defined as a normal force exerted by a fluid per unit area. Normally, we speak of
pressure when we deal with a gas‘or a liquid. The counterpart of pressure in solids is normal
stress. Since pressure is defined as force per unit area, it-has the unit of newton’s per square meter
(N/m?), which is called a pascal (Pa) 1(Pa) =1 (N/m?)

1 bar = 10° Pa = 0.1 MPa = 100 kPa

1 atm = 101,325 Pa=101.325 kPa = 1.01325 bars

1 kgf/em? = 9.807 N/em? = 9.807 310 N/m? = 9.807 3 10¢ Pa
=0.9807 bar

=0.9679 atm

The actual pressure at a given position is called the absolute pressure, and it is measured relative
to absolute vacuum (i.e., absolute zero pressure). Most pressure-measuring devices, however, are
calibrated to read zero in the atmosphere (Fig. 1-40), and so they indicate the difference between
the absolute pressure and the local atmospheric pressure. This difference is called the gage
pressure. Pgage can be positive or negative, but pressures below atmospheric pressure are
sometimes called vacuum pressures and are measured by vacuum gages that indicate the
difference between the atmospheric pressure and the absolute pressure. Absolute, gage, and
vacuum pressures are related to each other by

Pgage = Paps = Patm
Pvac =Patm-Pabs



This is illustrated in Fig. 1-28

& &
PE“F
______________________ Pm —————f————— -
P
vac Pahs
1
P P
P:hs
Absolute Absolute
Ia be = 0
VACUUIT “ VacuLm
FIGURE 1-28

Absolute, gage, and vacuum pressures.




Chapter 2
ENERGY ANALYSIS OF CLOSED SYSTEMS

Thermodynamics deals only with the change of the total energy.

The macroscopic forms of energy are those a system possesses as a whole with respect to some
outside reference frame, such as kinetic and potential energies (Fig. 2—1).

The microscopic forms of energy are those related to the molecular structure of a system and the
degree of the molecular activity, and they are independent of outside reference frames.

Energy can exist in numerous forms such as thermal, mechanical, kinetic, potential, electric,
magnetic, chemical, and nuclear, and their sum constitutes the total energy E of a system.

The sum of all the microscopic forms of energy is called the internal energy of a system and is
denoted by U.

The energy that a system possesses as a result of its motion relative to some reference frame is
called kinetic energy (KE).

The energy that a system possesses as a result of its elevation in a gravitational field is called
potential energy (PE) .

potential energy (PE)
PE = mgz (kI)

or, on a unit mass basis

pe = gz (kl/kg)

. FIGURE 2-1
kinetic enesgy (KE). . .
2 The macroscopic energy of an object
KE=m (kD changes with velocity and elevation.
¥
P - "\
i basis | _-— (_‘/Q
or,ona unl‘E mass ~
ke = —  (kl/ko) e laricr T e
3 g
. T
the total energy of a system consists of the o3 == re
kinetic, potential, and internal energies and is e N
eXpreSSCd as trans lariors il rariaoere
Vv?
E=U+KE+PE=U+m—+mgz (kI /E}:( /sz{
or, on a unit mass basis = e trns = I
e=u+ketpe=u+—+g (kkg) FIGURE 2-2

The various forms of microscopic

Total energy per unit mass e=% ke energies that make up sensible energy
m



4.3 SPECIFIC HEATS

The specific heat is defined as the energy required to raise the temperature of a unit mass of a
substance by one degree (Fig. 2-3).

Specific heat at constant volume, c,: The energy required to raise the temperature of the unit mass
of a substance by one degree as the volume is maintained constant.

Specific heat at constant pressure, c,: The energy required to raise the temperature of the unit mass
of a substance by one degree as the pressure is maintained constant.

The specific heat at constant pressure ¢, is always greater than cv because at constant pressure the
system is allowed to expand and the energy for this expansion work must also be supplied to the
system

m=1kg
AT=1°C

\/ = constant P = constant

o .:L,=3.12kff,J

.2

kJ
cp=5.19 ko

g-°C

5kl
FIGURE 2-3
Specific heat is the energy required to raise
the temperature of a unit mass of a substance
by one degree in a specified way

3.12K 519k
FIGURE 2-4 Constant-volume and constant
pressure specific heats ¢y and ¢, (values given
are for helium gas).

The equations in the figure are valid for any substance undergoing any process.

cv and cp are properties.

cv is related to the changes in internal energy and cp to the changes in enthalpy.

A common unit for specific heats is kJ/kg - °C or kJ/kg - K. Are these units identical?
cv =¢p = ¢ for solid

cv = ¢p for liquid

cv # cp for gas

Nk W=

The only two forms of energy interactions associated with a closed system are heat transfer and
work. The difference between heat transfer and work: An energy interaction is heat transfer if its
driving force is a temperature difference. Otherwise it is work.

The mechanical energy can be defined as the form of energy that can be converted to mechanical
work completely and directly by an ideal mechanical device such as an ideal turbine. Kinetic and
potential energies are the familiar forms of mechanical energy.



), ' Air Ait
e = “arv
P its epecures o 1 m=1kg m=1kg
% constant volume
' k: 300 - 301K 1000 — 1001 K
b 7 - -
i (
| “»=\adr/p
e 0.718kJ 0.855 kI
o5 pressurc &
- FIGURE 2-6
The specific heat of a substance changes with
temperature
FIGURE 2-5

Formal definitions of ¢y and c,.

Enthalpy: a combination property in many :
thermodynamics analysis the sum of internal il

h = h(T)
energy (u) and product of pressure (p) and t,: _ :L:T" )
volume (v) operas. ¢, = c,(T)
h=u+ Pv n
- h=u+ RT
Pv = RI oo @
h = (T FIGURE 2-7
For ideal gases, u, h, cv, and cp vary with
du = ¢(T)dT temperature only.
dh = ¢(T)dT C
-3 C Adr
Ah = h, — hy = J] c (T) dT (kJ/kg T.K e . ki/ke
2 0 0 0
A = u, — 1y = I c AT) dT (kl/kg : : :
h 300 214.07 300.19
C

y, = uy = ¢, = T))  (kl/kg)

L - "‘M#M*“m‘.__/h"#‘
FIGURE 2-8

In the preparation of ideal-gas tables, 0 K is
chosen as the reference temperature.

h, = h, =

(T, — T, (kIkg)

pavg
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Au = u; — uy (table)

2
Au:qu(T)dT
1

Au=c,AT Au=c,AT ' Kot = 0 g AT
=7.18 kl/kg =7.18 kl/kg H
FIGURE 2-9 . §i

The relation Au = C,AT is valid for any kind
of process, constant-volume or not.

-
ﬂU = m[.HE - Hl] ﬁﬁfocalc ng Au
A—— 2

AKE = 1m(V3 = Vi)

‘ Stationary Systems
APE = mglz, = ;) \ 7y=3- APE=0

Vy=V;— AKE=10
AE=AU

FIGURE 2-11
For stationary systems, AKE = APE = 0; thus
AE = AU.




Chapter 3
Application of the first law of thermodynamics to flow process (open system)
The First law of thermodynamics is simply an expression of the conservation of energy principle,
and it asserts that energy is a thermodynamic property. Energy cannot be created or destroyed; it

can only change forms (the first law). during an integration at system and its surroundings. The
amount of energy gained by the system must be exactly equal to the amount pf energy lost be the

surrounding. the first law of thermodynamic in mathematical form ( Qnet = Whet )

3.1 ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

Many engineering systems such as ( turbines, compressors, nozzles and power plants) operate
under steady conditions .

Zm = Zm (kgls) my = m, — p, VA = p,V,A,
mn oat
y 4 7
H ——— |
. . A 0 (steady) Mass _._ﬁ| I
E'ir.| - Euul. = If-'il‘-E‘:-i3.-':-il<:m"f':-'ilr =0 in : Control : :
Fate of net energy transfer Rate of change in internal, kinetic. : \fﬂ]umﬂ I :
by heart, work., and mass potential, etc., energics | : |
n, = constant
Or ey i
I Epeyy=constant | . Mass
Energy balance: : | out
. . L 1[
N E = E_, (kW)
— —— FIGURE 3-1 Under steady-flow
Rate of net encrgy transfer in Rate of net encrgy transfer out Conditions, the mass and energy contents
by heat, work, and mass by heat, work, and mass Of a COl'ltI'Ol VOlume remain constant.

. ; . v? : . . v?
Qun+ Wyt Zinm(h + 2 + gZ) = Qout ¥ Wour + Zoutm(h + E3 + gZ)

Energy balance relations with sign conventions (i.e., heat input and work output are positive)

Q-w =Zinfn(h+v72+gz)—Zoutr'n(h+v7z+gz)

. . 2_y.2
Q-w =m[h2—hl+"2 - +g(Zz—Zl] (KW)
Where g = QO/mand w = W/m
2_ .2
q-W = [hz ~hy + 22 2"1 +9(Z, - zl] (KJ/Kg)

q —w = h, — hy when kinetic and potential energy changes are negligible
Q =rate of heat transfers between the control volume and its surroundings

W = power (KW)



3.2 SOME STEADY-FLOW ENGINEERING DEVICES

1. Turbines
A turbine is a device for extracting work from a flowing
fluid expanding from a high pressure to low pressure.

Assumptions
1. Neglect heat transfer a cross boundary
2. Neglect the variation in potential energy
3. Neglect the variation in kinetic energy

Applied these assumptions on SFEE we get
0 -W =m [hz—h1+ +g(Z2—Zl]
W m [h1 hz] (W +Ve)

2.Compressors, a rotary compressor may be defined as a
reversed turbine doing work on fluid to raise its pressure

Assumptions
1. Neglect heat transfer a cross boundary
2. Neglect the variation in potential energy
3. Neglect the variation in kinetic. energy
Applied these assumption on SFEE we get

Q W m [hz—h1+ +g(ZZ_Z1]
W m [hz hl] (W -Ve)
A nozzle is a device that increases the velocity of a fluid

at the expense of pressure. A diffuser is a device that
increases the pressure of a fluid by slowing it down.

Assumptions

1. Neglect heat transfer a cross boundary
2. Neglect'the variation in potential energy
3. Neglect the work W=0

Applied these assumption on SFEE we get

Q—W =m hz—h1+V2

V.2
+9(Z; — Z1]

2

h2+V = hy + -

For nozzle (V1<<)>); Vy, =42(hy — hy)
For diffuser (V2<<V1) Vi=42(hy — hy)

Gou = 16 KI/kg
- Py = 600 kPa

R
|
|
|
|
|
|
|
|
|
|
|

P, =100 kPa
T,=280K

FIGURE 3-2  Schematic - for
Example 5-6:

i
I
V) —— Diffuser —r— V, <<V,

i

FIGURE 3-3 Nozzles and diffusers
are shaped so that they cause large
changes in fluid velocities and thus
kinetic energies



S. Throttling Valves

Throttling is one of important process in thermal
engineering. It used for reducing their pressure without
decreasing the energy of fluid. Throttles may or may not
be insulate but more time take adiabatic device for throttle
valve Q=0 ,W=0, AZ = 0, K.E and P.E neglected then

(a) An adjustable valve

from SFEE yields .
) —W =1 Vo' vy o K
Q-W=m [hz —hi+———+g9(Z; - 21] ._z-x{f;f-g‘r;;-i_
hz = hl (b) A porous plug
6.Boilers (¢) A capillary tbe
For boilers; work exchange is zero, APE d AKEan is also zero, FIGURE 3~4 Throttling valves are
then from SFEE yields . devices that cause large pressure
. . _ 2_y,2 in the fluid.
0 -W =m [hz—h1+vz 2V1 +g(Z2—Zl] drops in the fluid h
1

Q =1 (hy — hy) always (Q +Ve)

7.Condensers

For condensers; work exchange is zero, APE d AKE an is

also zero, then from SFEE yields - € qut
. . 2 .2

Q—W =m[h2—h1+vz 2V1 +g(Z2—Z1]

Q =1 (h, — hy) always (Q - Ve)

out
Condenser

In engineering applications, the section where the mixing

process takes place is commonly referred to as a mixing h

chamber. 2
FIGURE 3-5 Boilers

8. Mixing Chambeérs

Energy balance for the adiabatic mixing chamber in the

figure is

E,=E

mn out

mhy + mshy = msh,
(since @ = 0, W = 0.ke = pe =0)

mh, + nh, = (i + ry)h,

Qin
3.3 FLOW WORK AND THE ENERGY OF T
A FLOWING FLUID

+ F M: '
Boiler

Flow work, or flow energy: The work (or energy) required
to push the mass into or out of the control volume. This FIGURE 3-6 condensers



work is necessary for maintaining a continuous flow
through a control volume.

F=PA

W, =FL=PAL=PV (k)
Waow = PV (kl/kg)

Hot T-elbow
water
Imaginary FIGURE 3510 The T-elbow of an

piston ) ordinary shower serves as the
FIGURE 3.7 Schematic for flow work. mixingehamber for the hot- and the

$ cold-water streams.

Wiiow —HI‘-
|

I: cv

(b) After entering FIGURE 3-11 During a steady-

FIGURE 4-8 Flow work is the energy needed to push a flow process, Vqllume flow rztes
fluid into or out of a control volume, and it is equal to are not necessarily conserve

Pv although mass flow rates are.
A
F «—
—_— - F
E S
- -
.1_

FIGURE 3-9 In the absence of acceleration, the force
applied on a fluid by a piston is equal to the force
applied on the piston by the fluid.



MOVING BOUNDARY WORK

one form of mechanical work frequently encountered in practice is
associated with the expansion or compression of a gas in a piston—
cylinder device. During this process, part of the boundary (the inner The moving
face of the piston) moves back and forth. Therefore, the expansion and boundary
compression work is often called moving boundary work, or simply
boundary work (Fig. 3—12). (Some call it the P dV work for reasons
explained later. Moving boundary work is the primary form of work
involved in automobile engines. During their expansion, the
combustion gases force the piston to move, which in turn forces the
crankshaft to rotate.

oW, = Fds = PAds = PdV

FIGURE 3-12
2 The work associated with a
W, = J PdV (kJ) moving boundary is called
! boundary work

Quasi-equilibrium process: A process during which the system
remains nearly in equilibrium at all times.

Wy is positive = for expansion

Wp is negative — for compression

A ds

b e

FIGURE 3-15

VA gas does a differential
FIGURE 3-14 The boundary amount of work d/¥; as it
work done during a process forces the piston to move
depends on the path followed by a differential amount
as well as the end states. ds

FIGURE 3-13
The area under the process curve
on a P-V diagram represents the

boundary work

-2 2

Area = A =J dA =JPa’V
1

1



3.4 First law thermodynamic applied to non-flow process (closed system )
Assumptions.

1. Reversible process

2. quasi-equilibrium

3. Displacement work

4. Kinetic energy and potential energy are neglected

General analysis for a closed system undergoing a constant-pressure process.

Ein - Eout - i‘E_'r.:.,r_'nem
 — [
Net energy transfer Change in internal, Kinetic,
by heat, work. and mass potential, etc.. energies Q-W=AU non ﬂOW energy (NFEE)
0

0
O — W= AU + AKE + APE

The non-flow process are

1.constant volume process P kPaA

From non flow energy (NFEE)
Q-W=AU
2 0
W, = " Pcﬂ/; =10 | 2
1 300 |-
W=0
Q=AU

2.constant pressuregprogess Y
From non flow energy (NFEE) FIGURE 3-16 Schematic and P-v
Q-W=AU diagram for constant volume.

r)

wb=J Pdu=f-:]j dV = Py(Vy — V)
1

Q= Wypee — BV, = V) =T, =T

H20 Heat
=10 lbm
PU:P2:P| — Q_Wi}mer:{UQ‘I.R’_UQ]_{Ul‘I'P]U]] P = 60 psia
Also H = U + PV, and thus
. ; Fy, = 60 psia 3
Q - WDTJIEL‘ = HZ - Hl (k]) E Area = W, i
v = I'-’-'13'63 Wy = 8.3;48 v, 2 lbm

FIGURE 3-17 Schematic and P-v
diagram for constant pressure



3.constant temperature process
From non flow energy (NFEE)

Q-W=AU
AU =0
Q=W
C

PV = mRT, = C or P=F

2 2 2
W, [1 Pdv L Gav CJ. y =Chg =AWy
4.polytropic process
Pv' =¢
P=CV™

JZ r - Uyt -yt Py, — PV
W,=| PaVv=| cvrav=_cC =

1 1 -n + 1 1—n
since C =P V)" = P 2>". For an ideal gas (P¥ =mR

equation can also be written as

mR(T, — T
Wb=M n#+1 (kI

1—mn

e

vy [VA v

FIGURE 3-18 Schematic and P-V
diagram for a polytropic process.



Process General Heat energy Work energy Combination of
law process with
characteristic
equation of gas
Constant =C Q=AU = mC,AT =0 PV _c. PaVi_ P22
volume TP P’ 1 L
L==2 R=Cpr-Cv
1 T,
Constant =C Q=AH = mCpAT W=P(Vy —Vy) BV _ ¢ PiV1_Pal2
pressure 51 Vs T T2
T_1 = T—Z, R= CP —CV
Isothermal T=C Q=P 1V11n% Q=P,V 1ln% PV=C
process PV=C o 1 o 1
r r
Va2 Va2 P1V1 B P2V2
Q=mRTIn v W=mRTIn -
1 1
Or Or R=Cp—Cv
Q=mRTIn 2 W=mRTIn 2
Py Py
Polytropic | PV"=C _PiVi=PaVa \ PV _ ¢ PiVi_ P2l
— 2 _ T T T
process 1 Xpolytropic work n-1 n ! n :
£ _mR(T1-T>) PiVi" = PoV;
- -1 P2 _ Viyn
" Py (Vz) ’
E = (ﬁ)n—l
r, Vv,
T, P, n-1
T, P,
1 1
R=Cp-Cv
Adiabati¢ PVY=C Q=0 _PaVa=PaVy | PV _ ¢ PiVa _ PaVs
process -1 T 1 T2
PVY = P,V,Y
mR(T1~Ty) | 11 2V2
- Pz _ Vayy
y—1 P, (VZ ’
E = ﬁ)y—l
r, v;
TZ PZ r-1
T, P,
1 1




Chapter 4

PROPERTIES OF PURE SUBSTANCES

4.1 PURE SUBSTANCE

A substance that has a fixed chemical composition throughout is called a pure substance. Water,

nitrogen, helium, and carbon dioxide, for example, are all pure substances.

AT
N

N;

-« _w

FIGURE 4-1

T
N A

Adr

-_w

Nitrogen and gaseous air are pure

substances.

AN,
e

Vapor

S

Liquid

(@) H,0

dil
N

Air

. =

(b) Air

FIGURE 4-2 A mixture of liquid and gaseous
water 1S a pure substance, but a mixture of liquid
and gaseous air is not.

4.2 PHASE-CHANGE PROCESSESOF PURE SUBSTANCES

Consider a piston—cylinder device containing liquid water at 20 °C and 1 atm pressure (state 1,
Fig. 4-3). Under these conditions, water exists in the liquid phase, and it is called a compressed
liquid, or a subcooled liquid, meaning that it is not about to vaporize.

As more heat is transferred, the temperature keeps rising until it reaches 100°C (state 2, Fig. 4-4).
At this point water is still'a liquid, but any heat addition will cause some of the liquid to vaporize.
That is, a phase-change process from liquid to vapor is about to take place. A liquid that is about

to vaporize is called a saturated liquid. Therefore, state 2 is a saturated liquid state.



FIGURE 4-3

At 1 atm and
20°C, water exists
in the liquid
phase(compressed
liquid).

A vapor that is about to‘condense is called a saturated vapor.

FIGURE 44 At
1 atm pressure
and 100°C water
exists as a liquid
that is ready to

vaporize(saturated

liquid).

State 3

I

M - Saturated
vapor
P=1am

T=100°C |~ Saturated

Heat

FIGURE 4-5
As more heat'is
transferred, part
of the saturated
liquid vaporizes
(saturated
liquid—vapor
mixture).

State 4

FIGURE 463t
1 atm pressure,
the temperature
remains constant
at 100 °C until
the last drop of
liquid is
vaporized
(saturated vapor)

State 5

=1 atm

T'=300"C

Heat

FIGURE 4-7

As more heat is
transferred, the
temperature of
the vapor starts

to rise
(superheated
vapor).

saturated liquid—vapor mixture since the liquid and vapor phases coexist in equilibrium at these

states.

A vapor that is not about to condense (i.e., not a saturated vapor) is called a superheated vapor.

The temperature at which water starts boiling depends on the pressure; therefore, if the pressure
is fixed, so-is the boiling temperature. Water boils at 100°C at 1 atm pressure.

At a given pressure, the temperature at which a pure substance changes phase is called the

saturation temperature Tsat. Likewise, at a given temperature, the pressure at which a pure

substance changes phase is called the saturation pressure Psat.



If the entire process between state 1 and 5
described in the figure is reversed by cooling
the water while maintaining the pressure at the
same value, the water will go back to state 1,
retracing the same path, and in so doing, the
amount of heat released will exactly match the
amount of heat added during the heating
process.

TABLE 3-1

Saturation (or vapor) pressure of
water at various temperatures

Saturation
Temperature Pressure
T,°C P_.. kPa
—-10 0.260
-5 0.403
0 0.611
7 0.872
10 1.23
15 1.71
20 2.34
25 3.17
30 4.25
40 7.38
50 12.35
100 101.3 (1 atm)
150 475.8
200 1554
250 3973
300 8581

The amount of energy absorbed or released
during a phase-change process is called the
latent heat., More specifically, the amount of
energy absorbed during melting is called the
latent heat of fusion and is equivalent to the
amount of energy released during freezing.
Similarly, the amount of energy absorbed
during vaporization is called the latent heat of
vaporization and is equivalent to the energy
released during condensation.

The magnitudes of the latent heats depend on
the temperature or pressure at which the phase
change occurs.

300

4 Saturated 3

100

mixture

20

FIGURE 4-8
T-v diagram for the heating process of
water at constant pressure
P kPa
-

600 -
400 +

200 -

1 1 1 -
0 50 100 150 200
T..°C

FIGURE 4-9 The liquid—vapor saturation

curve of a pure substance (numerical values
are for water).

0

TABLE 3-2

Variation of the standard
atmospheric pressure and the
boiling (saturation) temperature
of water with altitude

Atmospheric  Boiling

Elevation, pressure, tempera-
m kPa ture, “C
0 101.33 100.0
1,000 89.565 96.5
2,000 79.50 93.3
5,000 54.05 83.3
10,000 26.50 66.3

20,000 5.53 34.7




At 1 atm pressure, the latent heat of fusion of water is 333.7 kJ/kg and the latent heat of
vaporization is 2256.5 kJ/kg.

The atmospheric pressure, and thus the boiling temperature of water, decreases with elevation.
4.3 PROPERTY DIAGRAMS FOR PHASE-CHANGE PROCESSES
1 The T-v Diagram

As the pressure is increased *°
further, this saturation line
continues to shrink, as shown in
Fig. 3-15, and it becomes a %
point when the pressure reaches
22.06 MPa for the case of
water. This point is called the
critical point, and it is defined
as the point at which the ,
saturated liquid and saturated /\
vapor states are identical. The

saturated liquid states in Fig. 4— /\\N
10 can be connected by a line :
called the saturated liquid line,
and saturated vapor states in the 0003106 V- m¥kg
same figure can be connected pFIGURE 4-10

Saturated Saturated
liquid vapor

by another lin§, called the T_ydiagram of constant-pressure phase-change processes of a pure
saturated vapor line substance at various pressures (numerical values are for water).

These two lines meet at the critical point, forming a dome as shown in Fig. 4-11a. All the
compressed liquid states are located in the region to the left of the saturated liquid line, called the
compressed liquid region. All the superheated vapor states are located to the right of the saturated
vapor line, called the superheated vapor region. In these two regions, the substance exists in a
single phase, a liquid or a vapor. All the states that involve both phases in equilibrium are located
under the dome, called the saturated liquid—vapor mixture region, or the wet region.



L. *
Crtical _?‘2
point a0
& s
<y
;? r B
Q/,/ s .;_,é}.rr
/
Compressed - q‘f I
L e 3
liquid ’
region ; R Superheated
I P vapor

______________ region
Saturated

liquid=vapor
region

point

\ Superheated
vapor
1 fe—— i
Comprgssed region
liquid
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it |

liquid —apor
region

(a) T-v diagram of a pure substance

FIGURE 4-11

4.4 PROPERTY TABLES

(B} P-v diagram of a pure substance

For most substances, the relationships among thermodynamic properties are too complex to be
expressed by simple equations. Therefore, properties are frequently presented in the form of tables.
Some thermodynamic properties can be measured easily, but others cannot and are calculated by
using the relations between them and measurable properties. The results of these measurements
and calculations are presented in tables in a convenient format. Before we get into the discussion
of property tables, we define a new property called enthalpy.

la Saturated Liquid and SaturatSdg¥apor States

Table A—4: Saturation properties of water under
temperature.

Table A=5: Saturation properties of water under

pressure.
Specific volume
3
Sat. m-fkg
Temp. press. | Sat. Sat.
=C kPa liguid Vapor
T Psa.t t{f Ux
B85 57.868 (0.001032 2.8261
90 TOA83 [ 0.001036 2.3593
95 84,609 (0.001040 1.9808
Specific Specific
temperature volume of
satarated
liquid
Cormresponding Specific
saturation volume of
pressure saturated
vapor

FIGURE 4-12 A partial list of Table A—4.

kPam® =kJ
kPa-mg'.u"kg =klfkg
bar-m® = 100 kJ
MPa-m® = 1000 kJ
psi-ft’ = 0.18505 Bu

FIGURE 4-13 The product pressure
x volume has energy units.



V, = specific volume of saturated liquid v, = specitic volume of saturated vapor

Vi = difference between Ve and Vg (that 1s Vg, = v, = W)

The quantity hfg is called the enthalpy of vaporization (or latent heat of vaporization). It represents
the amount of energy needed to vaporize a unit mass of saturated liquid at a given temperature or
pressure. It decreases as the temperature or pressure increases and becomes zero at the critical

point.

1b Saturated Liquid—Vapor Mixture
Quality, x : The ratio of the mass of vapor to the total mass of the mixture. Quality is between 0

and 1 (0: sat. liquid), (1: sat. vapor)
The properties of the saturated liquid are the same whether it exists alone or in a mixture with

saturated vapor.
Mg = Myiguig T Myapee = My + My

Where

M0

X =
”hmﬂ

Temperature and pressure are dependent properties for a mixture.

p — T e P or Th
}mp jf-+ wa
L T =
."‘lf - ..IL avg - -\E
Uy, = U + xug,  (kl/kg)
c= AB
hy, = h + xh,,  (kl/kg) ac
- 3. o
Ve = Vp T v, (m/kg) ae—r -
>
Ve T Y | O T~
X = | I I
L{-’.ﬁ‘ Ve Vavg Vg v
FIGURE 4-15 Quality is related to the
BTl s e horizontal distances on P-v and T-v diagrams
g P .
5
= Salur::llfd W MO »
E“;‘J = — Sa‘t:f;:ted
g e i liqui.d—vapor
:;__’ Sat. vapor Samrated ligquid =
Sat. liquid - 9

d FIGURE 4-16 A two-phase system can be

FIGURE 4-14 The relative amounts of liqui i
treated as a homogeneous mixture for

and vapor phases in a saturated mixture are ;
specified by the quality x. convenience.



2 Superheated Vapor

In the region to the right of the saturated vapor line and
at temperatures above the critical point temperature, a
substance exists as superheated vapor. In this region,
temperature and pressure are independent properties.

Compared to saturated vapor, superheated vapor is
characterized by

Lower pressures (P < P_, at a given T)

Higher tempreatures (" > T, at a given P)

Higher specific volumes (v > v, at a given P or T')
Higher internal energies (u > u, at a given P or T')
Higher enthalpies (h > h, at a given P or T)

3 Compressed Liquid

The compressed liquid properties depend.. on
temperature much more strongly than they /do on
pressure.

Y=Yrer y— Vv, u,orh
A more accurate relation for £

h=h g, + v (P—P )

-_' @ T sat @7

Given: Pand T

oo @

FIGURE 417

A compressed liquid may be approximated as a
saturated liquid at the given temperature.

In general, a compressed liquid is characterized by

Higher pressures (# > F_, at a given 1)
Lower tempreatures (I << T, at a given P)

sat

Lower specific volumes (v < Vsat a given Por T)
Lower internal energies (u < u at a given P or T)
Lower enthalpies (h < h;ata given P or T)

‘D

W s j!
T.°C| mikg klkg kll/kg
P =0.1 MPa (99.61°C)

Sat. | 1.6941 2505.6 2675.0
100 1.6959 2506.2 2675.8
C 1507 1.9367 25829 2776.6

1300 | 7.2605 4687.2 54133
P =0.5 MPa (151.83°C)

Sat [ 0:37483  2560.7 27481
200 | 0.42503 2643.3 2855.8
¢ 2501 047443 27238 29610

FIGURE)4-18
A partial listing of Table A—6
TA

FIGURE 4-19

At a specified P, superheated vapor
exists at a higher h than the saturated
vapor (Example 3-7).



Saturated water—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kl/kg kllkg kl/kg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
T°C Pt kPa vy Vg Uy Uy Ug he hyg hgy S¢ Stg Sy
0.01 0.6117 0.001000 206.00 0.000 23749 23749 0.001 25009 2500.9 0.0000 9.1556 9.15b6
5 0.8725 0.001000 147.03 21.019 2360.8 2381.8 21.020 2489.1 2510.1 0.0763 8.9487 9.0249

Saturated refrigerant-134a—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kl/kg kJ/kg klkg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Evap., vapor, liquid, Evap., wvapor, liquid, Evap.,  vapor,
T°C P, kPa v, Vg u; Uy, U, h; hyg hy s; Sgg Sy

—-40 51.25 0.0007054 0.36081 -0.036 207.40 207.37 0.000 22586 225.86 0.00000 0.96866 0.96866

4.5 THE IDEAL-GAS EQUATION OF STAZE

Any equation that relates the pressure, temperature; and specific volume of a substance is called
an equation of state.

The simplest and best-known equation of state for substances in the gas phase is the ideal-gas
equation of state. This equation predicts the P-v-T behavior of a gas quite accurately within some
properly selected region.

p = R( T) PV=RT Ideal gas equation of state
v

R
R = ‘L_:: (kJ/kg-K or kPa-m*/kg-K)

where Ry is the universal gas constant and M is the molar mass (also called molecular weight) of
the gas. The constant Ry, is the same for all substances, and its value is

(8.31447 kJ/kmol-K
8.31447 kPa-m*/kmol-K
J0.0831447 bar-mkmol-K Substance R, kl/kg'K
“ " 11.98588 Btu/lbmol-R Air

10.7316 psia-ft*/lbmol-R 1;[11‘ un

(1545.37 ft-Ibf/lbmol-R -

Nitrogen

The molar mass M can simply be defined as the
mass of one mole (also called a gram-mole, 20 ®
abbreviated gmol) of a substance in grams, or the FIGURE 4-20

mass of one kmol (also called a kilogram-mole, Different substances have different gas
constants.




abbreviated kgmol) in kilograms. In English units,
it is the mass of 1 Ibmol in Ibm.

Mass = Molar mass x Mole number

m= MN (kg)

PV, PV,

T, T,
V = mv — PV = mRT
mR = (MN)R = NR, —> PV = NR,T
V=Ni— PU=RT

Various expressions of ideal gas equation
Real gases behave as an ideal gas at low densities

(i.e., low pressure, high temperature).

I Ideal gas equation at two states for a fixed mass

Per unit mass  Per unit mole

v, mfkg % m3/kmol

u, kIlkg 7, kJ/kmol
h, kllkg T, kl/kmol

FIGURE 4-21
Properties per unit mole are
denoted with a bar on the top



Properties of common liquids, solids, and foods
(a) Liquids
Boiling data at 1 atm Freezing data Liquid properties
Normal Latent heat of Latent heat Specific
boiling vaporization Freezing of fusion Temperature, Density heat
Substance point, °C h,g, kJ/kg point, °C hy, klikg RIE p, kg/m3 C, klfkg-K
Ammonia =333 1357 =77.7 322.4 —33.3 682 4.43
=20 665 4.52
0 639 4.60
25 602 4.80
Argon —185.9 161.6 —189.3 28 —185.6 1394 1.14
Benzene 80.2 394 B 126 20 879 1.72
Brine (20% sodium
chloride by mass) 103.9 — -17.4 — 20 1150 3.11
n—Butane -05 385.2 —1385 80.3 -0.5 601 2531
Carbon dioxide —78.4* 230.5 (at 0°C) -56.6 0 298 0.59
Ethanol 78.2 838.3 —-114.2 109 25 783 2.46
Ethyl alcohol 78.6 855 —-156 108 20 789 2.84
Ethylene glycol 198.1 800.1 -10.8 181.1 20 1109 2.84
Glycerine 179.9 974 18.9 200.6 20 1261 2.32
Helium —268.9 228 — — —268.9 146.2 228
Hydrogen 2528 445.7 —259.2 59.5 —-252.8 70.7 10.0
Isobutane =-11.7 367.1 —160 105.7 =11.7 593.8 2.28
Kerosene 204-293 251 —-24.9 — 20 820 2.00
Mercury 356.7 294.7 —38.9 11.4 25 13,560 0.139
Methane —161.5 510.4 —182.2 58.4 -161.5 423 3.49
—100 301 5.79
Methanol 64.5 1100 -97.7 99.2 25 787 2.55
Nitrogen —-195.8 198.6 =210 25 —195.8 809 2.06
—160 596 2.97
Octane 124.8 306.3 -57.5 180.7 20 703 2.10
Qil (light) 25 910 1.80
Oxygen —183 212.7 —218.8 13.7 —183 1141 1.71
Petroleum — 230-384 20 640 2.0
Propane —-42.1 427.8 —-187.7 80.0 —-42.1 581 2.25
0 529 2.53
50 449 3.13
Refrigerant—134a -26.1 217.0 -96.6 — =50 1443 1.23
—-26.1 1374 1.27
0 1295 1.34
25 1207 1.43
Water 100 2257 0.0 S S387 0 1000 4.22
25 997 4.18
50 988 4.18
75 975 4.19
100 958 4.22

* Sublimation temperature. (At pressures below the triple—point pressure of 518 kPa, carbon dioxide exists as a solid or gas. Also, the freezing—point
temperature of carbon dioxide is the triple—point temperature of —56.5°C.)



TABLE A-3
Properties of common liquids, solids, and foods (Concluded)

(b) Solids (values are for room temperature unless indicated otherwise)

Density, Specific heat, Density, Specific heat,
Substance p kg/m? ¢, klikg-K Substance p kg/m? c, ki/kg-K
Metals Nonmetals
Aluminum Asphalt 2110 0.920
200 K 0.797 Brick, common 1922 0.79
250 K 0.859 Brick, fireclay (500°C) 2300 0.960
300 K 2,700 0.902 Concrete 2300 0.653
350 K 0.929 Clay 1000 0.920
400 K 0.949 Diamond 2420 0.616
450 K 0.973 Glass, window 2700 0.800
500 K 0.997 Glass, pyrex 2230 0.840
Bronze (76% Cu, 2% Zn, 8,280 0.400 Graphite 2500 0.711
2% Al) Granite 2700 1.017
Brass, yellow (65% Cu, 8,310 0.400 Gypsum or plaster board 800 1.09
35% Zn) lce
Copper 200 K 1.56
—173%C 0.254 220 K 1.71
—100°C 0.342 240 K 1.86
—h0°C 0.367 260 K 2.01
0°c 0.381 273 K 921 2.11
27°C 8,900 0.386 Limestone 1650 0.909
100°C 0.393 Marble 2600 0.880
200°C 0.403 Plywood (Douglas Fir) 545 1.21
Iron 7,840 0.45 Rubber (soft) 1100 1.840
Lead 11,310 0.128 Rubber (hard) 1150 2.009
Magnesium 1,730 1.000 Sand 1520 0.800
Nickel 8,890 0.440 Stone 1500 0.800
Silver 10,470 0.235 Woods, hard (maple, oak, etc.) 721 1.26
Steel, mild 7,830 0.500 Woods, soft (fir, pine, etc.) 513 1.38
Tungsten 19,400 0.130
(¢) Foods
Specific heat, Specific heat,
kJikg-K Latent kJ/kg-K Latent
Water —— heatof Water —— heatof
content, Freezing Above Below  fusion, content, Freezing Above Below  fusion,
Food % (mass) point, °C freezing freezing kl/kg Food % (mass) point, °C freezing freezing klikg
Apples 84 -1.1 3.65 1.90 281 Lettuce 95 -0.2 4.02 2.04 317
Bananas 77 -0.8 3.35 1.78 251 Milk, whole 88 —06 it 1.95 294
Beef round 67 — 3.08 1.68 224 Oranges 87 -0.8 3.75 1.94 291
Broccoli 90 -0.6 3.86 1.97 301 Potatoes 78 —-0.6 3.45 1.82 261
Butter 16 — — 1.04 53 Salmeon fish 64 —-2.2 2.98 1.65 214
Cheese, swiss 39 —-10.0 2.15 1.33 130 Shrimp 83 =2z 3.62 1.89 277
Cherries 80 -138 S5 1.85 267 Spinach 93 —-03 3.96 2.01 311
Chicken 74 —2.8 sk 1.77 247 Strawberries 90 -0.8 3.86 1.97 301
Corn, sweet 74 -0.6 23 1.77 247 Tomatoes, ripe 94 —0.5 R 2.02 314
Eggs, whole 74 -06 a5 1.77 247 Turkey 64 — 2.98 1.65 214
Ice cream 63 -5.6 2.95 1.63 210 Watermelon 93 —-0.4 3.96 2.01 311

Source of Data: Values are obtained from various handbooks and other sources or are calculated. Water content and freezing—point data of foods are from
ASHRAE, Handbook of Fundamentals, S| version (Atlanta, GA: American Society of Heating, Refrigerating and Air—Conditioning Engineers, Inc., 1993),
Chapter 30, Table 1. Freezing point is the temperature at which freezing starts for fruits and vegetables, and the average freezing temperature for other
foods.
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TABLE A-4

Saturated water—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg klikg kl/kg k)/kg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Ewvap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
T°C P, kPa v Ve uy Upe Uy he hy, h, S¢ St S

0.01 0.6117 0.001000 206.00 0.000 23749 23749 0.001 2500.9 25009 0.0000 9.1556 9.1556

5 0.8725 0.001000 147.03 21.019 2360.8 2381.8 21.020 2489.1 2510.1 0.0763 B8.9487 9.0249
10 1.2281 0.001000 106.32 42.020 2346.6 2388.7 42.022 2477.2 25192 0.1511 B8.7488 8.8999
1] 1.7057 0.001001 77.885 62.980 23325 23955 62.982 2465.4 25283 0.2245 B8.5559 8.7803
20 2.3392 0.001002 57.762 83913 23184 24023 83915 24535 25374 0.2965 B8.3696 8.6661
25 3.1698 0.001003 43.340 104.83 23043 2409.1 104.83 2441.7 25465 0.3672 8.1895 8.5567
30 4.2469 0.001004 32.879 125.73 2290.2 24159 125.74 2429.8 25556 0.4368 8.0152 8.4520
35 5.6291 0.001006 25.205 146.63 2276.0 24227 146.64 24179 2564.6 0.5051 7.8466 8.3517
40 7.3851 0.001008 19.515 167.53 22619 24294 16753 2406.0 2573.5 0.5724 7.6832 8.2556
45 9.5953 0.001010 15.251 188.43 22477 2436.1 18844 23940 25824 0.6386 7.5247 8.1633
50 12.352 0.001012 12.026 209.33 22334 244277 209.34 2382.0 2591.3 0.7038 7.3710 8.0748
55 15.763 0.001015 9.5639 230.24 2219.1 24493 230.26 2369.8 2600.1 0.7680 7.2218 7.9898
60 19.947 0.001017 7.6670 281.16 22047 24559 251.18 2357.7 2608.8 0.8313 7.0769 7.9082
65 25.043 0.001020 6.1935 272.09 21903 24624 27212 23454 2617.5 0.8937 6.9360 7.8296
70 31.202 0.001023 5.0396 293.04 21758 24689 293.07 23330 2626.1 0.9551 6.7989 7.7540
75 38.597 0.001026 4.1291 313.99 2161.3 24753 314.03 2320.6 26346 1.0158 6.6655 7.6812
80 47.416 0.001029 3.40563 334.97 21466 24816 335.02 2308.0 2643.0 1.0756 6.5355 7.6111
85 57.868 0.001032 2.8261 385.96 21319 2487.8 356.02 2295.3 26514 1.1346 6.4089 7.5435
90 70.183 0.001036 2.3593 376.97 2117.0 2494.0 377.04 22825 2659.6 1.1929 6.2853 7.4782
95 84.609 0.001040 1.9808 398.00 2102.0 2500.1 398.09 2260.6 26676 1.2504 6.1647 7.4151

100 101.42 0.001043 1.6720 419.06  2087.0 2506.0 419.17 2256.4 26756 1.3072 6.0470 7.3542
105 120.90 0.001047 14186 440.15 2071.8 25119 440.28 2243.1 26834 1.3634 5.9319 7.2952
110 143.38 0.001052 1.2094 461.27 2056.4 2517.7 461.42 2229.7 2691.1 1.4188 5.8193 7.2382
115 169.18 0.001056 1.0360 48242 20409 2523.3 48259 2216.0 2698.6 1.4737 5.7092 7.1829
120 198.67 0.001060 0.89133 50360 20253 25289 503.81 2202.1 27060 1.5279 5.6013 7.1292

125 i Al 0.001065 0.77012 52483 2009.5 25343 525.07 2188.1 2713.1 1.5816 5.4956 7.0771
130 270.28 0.001070 0.66808 546.10 19934 25395 546.38 2173.7 27201 1.6346 5.3919 7.0265
135 313.22 0.001075 0.58179 56741 1977.3 25447 567.75 2159.1 27269 1.6872 5.2901 6.9773
140 361.53 0.001080 0.50850 588.77 1960.9 2549.6 589.16 2144.3 27335 1.7392 5.1901 6.9294
145 415.68 0.001085 0.44600 6l0.19 19442 25544 61064 2129.2 27398 1.7908 5.0919 6.8827

150 476.16 0.001091 0.39248 63166 1927.4 2559.1 632.18 21138 27459 1.8418 4.9953 6.8371
o 543.49 0.0010%96 0.34648 653.19 19103 2563.5 653.79 20980 2751.8 1.8924 4.5002 6.7927
160 618.23 0.001102 0.30680 674.79 1893.0 2567.8 67547 20820 27575 19426 4.8066 6.7492
165 700.93 0.001108 0.27244 696.46 18754 25719 697.24 20656 27628 19923 4.7143 6.7067
170 792.18 0.001114 0.24260 718.20 1857.5 2575.7 719.08 2048.8 27679 2.0417 4.6233 6.6650

175 892.60 0.001121 0.21659 740.02 1839.4 25794 741.02 2031.7 27727 2.0906 4.5335 6.6242

180 1002.8 0.001127 0.19384 7el.92 18209 2582.8 763.05 2014.2 27772 2.1392 4.4448 6.5841
185 1123.5 0.001134 0.17390 78391 1802.1 2586.0 785.19 1996.2 27814 2.1875 4.3572 6.5447
150 1255.2 0.001141 0.15636 806.00 1783.0 2585.0 807.43 19779 27853 2.2355 4.2705 6.5059
195 1398.8 0.001149 0.14089 828.18 1763.6 2591.7 829.78 1959.0 2788.8 2.2831 4.1847 6.4678

200 1554.9 0.001157 0.12721 850.46 1743.7 2594.2 852.26 1939.8 2792.0 2.3305 4.0997 6.4302
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TABLE A-4

Saturated water—Temperature table (Concluded)

Specific volume, Internal energy, Enthalpy, Entropy,
m3kg kl/kg kJikg kl/kg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liguid, Evap., vapor, liquid, Evap., vapor, liguid, Evap., vapor,
T°C P.. kPa v Vg Uy Uy U hy he hy S¢ Sp Sp
205 17243 0.001164 0.11508 87286 17235 259.4 874.87 1920.0 27948 23776 4.0154 63930
210 1907.7 0.001173 0.10429 89538 17029 2598.3 897.61 1899.7 2797.3 24245 3.9318 6.3563
215 21059 0.001181 0.094680 91802 16819 25999 92050 1878.8 2799.3 24712 3.8489 6.3200
220 2319.6 0.001190 0.086094 940.79 1ee0.5 2601.3 943.55 1857.4 2801.0 25176 3.7664 6.2840
225 26497 0.001199 0.078405 96370 16386 26023 966.76 18354 2802.2 25639 3.6844 6.2483

230 2797.1 0.001209 0.071505 986.76 1616.1 2602.9 990.14 1812.8 28029 2.6100 3.6028 6.2128
Zals 3062.6 0.001219 0.065300 1010.0 1593.2 2603.2 1013.7 17895 2803.2 2.6560 3.5216 6.1775
240 3347.0 0.001229 0.059707 10334 1569.8 2603.1 1037.5 17655 2803.0 2.7018 3.4405 6.1424
245 3651.2 0.001240 0.054656 1056.9 15457 26027 1061.5 1740.8 2802.2 2.7476 3.3596 6.1072
250 3976.2 0.001252 0.050085 1080.7 1521.1 2601.8 1085.7 17153 2801.0 2.7933 3.2788 6.0721

255 43229 0.001263 0.045941 1104.7 14958 2600.5 11101 1689.0 2799.1 2.8390 3.1979 6.0369
260 4692.3 0.001276 0.042175 1128.8 1469.9 2598.7 11348 1661.8 279%.6 2.8847 3.1169 6.0017

265 5085.3 0.001289 0.038748 1153.3 14432 25965 1159.8 1633.7 27935 29304 3.0358 b5.9662
270 5503.0 0.001303 0.035622 1177.9 14157 2593.7 11851 16046 2789.7 29762 2.9542 59305
275 5946.4 0.001317 0.032767 1202.9 13874 25903 1210.7 15745 27852 3.0221 2.8723 5.8944

280 6416.6 0.001333 0.030153 1228.2 1358.2 2586.4 1236.7 1543.2 27799 3.0681 2.7898 5.8579
285 6914.6 0.001349 0.027756 1253.7 1328.1 2581.8 1263.1 1510.7 2773.7 3.1144 27066 5.8210
290 7441.8 0.001366 0.025554 1279.7 12969 2576.5 12898 14769 2766.7 3.1608 2.6225 5.7834
295 7999.0 0.001384 0.023528 1306.0 1264.5 2570.5 1317.1 14416 2758.7 3.2076 2.5374 5.7450
300 8587.9 0.001404 0.0216559 1332.7 12309 2563.6 13448 14048 27496 3.2548 2.4511 5.7059

305 9209.4 0.001425 0.019932 1360.0 11959 25558 1373.1 1366.3 27394 33024 2.3633 5.6657
310 9865.0 0.001447 0.018333 1387.7 1159.3 2547.1 14020 13259 27279 33506 2.2737 56243
315 10,556 0.001472 0.016849 1416.1 1121.1 2537.2 14316 12834 27150 3.3994 2.1821 55816
320 11,284 0.001499 0.015470 14451 1080.9 2526.0 14620 12385 27006 3.4491 2.0881 55372
325 12,051 0.001528 0.014183 14750 10385 25134 14934 1191.0 2684.3 34998 1.9911 54908

330 12,858 0.001560 0.012979 1505.7 9935 2499.2 15258 1140.3 2666.0 3.5516 1.8906 5.4422
335 13,707 0.001597 0.011848 1537.5 9455 2483.0 15594 1086.0 26454 3.6050 1.7857 5.3907
340 14,601 0.001638 0.010783 1570.7 893.8 24645 15946 10274 26220 3.6602 1.6756 5.3358
345 15,541 0.001685 0.009772 1605.5 837.7 2443.2 1631.7 963.4 25951 3.7179 1.5585 5.2765
350 16,529 0.001741  0.008806 1642.4 7759 24183 1671.2 B927 25639 3.7788 1.4326 5.2114

355 17,570 0.001808 0.007872 1682.2 706.4 23886 17140 8129 25269 3.8442 1.2942 51384
360 18,666 0.001895 0.006950 1726.2 625.7 23519 17615 720.1 24816 39165 1.1373 5.0537
365 19,822 0.002015 0.006009 1777.2 526.4 2303.6 1817.2 6055 2422.7 4.0004 0.9489 4.9493
370 21,044 0.002217  0.004953 1844.5 3856 2230.1 1891.2 4431 23343 4.1119 0.6850 4.8009
37395 22,064 0.003106 0.003106 2015.7 0 2015.7 2084.3 0 20843 44070 O 4.4070

Source of Data: Tables A-4 through A-B are generated using the Engineering Equation Solver (EES) software developed by S. A. Klein and F. L. Alvarado.
The routine used in calculations is the highly accurate Steam_IAPWS, which incorporates the 1995 Formulation for the Thermodynamic Properties of
Ordinary Water Substance for General and Scientific Use, issued by The International Association for the Properties of Water and Steam (IAPWS). This
formulation replaces the 1984 formulation of Haar, Gallagher, and Kell (NBS/NRC Steam Tables, Hemisphere Publishing Co., 1984), which is also
available in EES as the routine STEAM. The new formulation is based on the correlations of Saul and Wagner (J. Phys. Chem. Ref. Data, 16, 893, 1987)
with medifications to adjust to the International Temperature Scale of 1990. The modifications are described by Wagner and Pruss (J. Phys. Chem. Ref.
Data, 22, 783, 1993). The properties of ice are based on Hyland and Wexler, “Formulations for the Thermodynamic Properties of the Saturated Phases
of H,0 from 173.15 K to 473.15 K,” ASHRAE Trans., Part 2A, Paper 2793, 1983,
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TABLE A-5

Saturated water—Pressure table

Specific volume, Internal energy, Enthalpy, Entropy,
m¥/kg kl/kg kl/kg klfkg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Press., temp., liquid, vapor, liquid, Evap., wvapor, liquid, Evap., vapor, liquid, Evap., wvapor,
PkPa T_,°C v Vg Uy Uy U h; hy, h, Sy S o
1.0 6.97 0.001000 129.19 29.302 23552 23845 29.303 24844 25137 0.1059 8.8690 8.9749

1.5 13.02 0.001001 87.964 54.686 2338.1 2392.8 54.688 2470.1 2524.7 0.1956 8.6314 8.8270
2.0 17.50 0.001001 66.990 73.431 23255 2398.9 73.433 2459.5 25329 0.2606 8.4621 8.7227
2.5 21.08 0.001002 54.242 88.422 23154 2403.8 88.424 2451.0 2539.4 0.3118 8.3302 8.6421
3.0 24.08 0.001003 45.654 100.98 2306.9 2407.9 100.98 24439 2544.8 0.3543 8.2222 B.5765

4.0 28.96 0.001004 34.791 121.39 2293.1 24145 121.39 2432.3 2553.7 0.4224 8.0510 B8.4734
5.0 32.87 0.001005 28.185 137.76 2282.1 2419.8 137.75 2423.0 2560.7 0.4762 7.9176 B8.3938
7.5 40.29 0.001008 19.233 168.74 2261.1 2429.8 168.75 2405.3 2574.0 0.5763 7.6738 8.2501
10 4581 0.001010 14.670 191.79 22454 2437.2 191.81 2392.1 2583.9 0.6492 7.4996 8.1488

15 53.97 0.001014 10.020 22593 2222.1 2448.0 22594 2372.3 2598.3 0.7549 7.2522 8.0071
20 60.06 0.001017 7.6481 251.40 2204.6 2456.0 251.42 2357.5 2608.9 0.8320 7.0752 7.9073
25 64.96 0.001020 6.2034 271.93 21904 24624 27196 23455 2617.5 0.8932 6.9370 7.8302
30 69.09 0.001022 5.2287 289.24 21785 2487.7 289.27 2335.3 2624.6 0.9441 6.8234 7.7675
40 75.86 0.001026 3.9933 317.58 2158.8 2476.3 317.62 2318.4 2636.1 1.0261 6.6430 7.6691
50 81.32 0.001030 3.2403 340.49 2142.7 2483.2 340.54 2304.7 2645.2 1.0912 6.5019 7.5931
75 91.76 0.001037 2.2172 384.36 2111.8 2496.1 384.44 2278.0 2662.4 1.2132 6.2426 7.4558
100 99.61 0.001043 1.6941 417.40 2088.2 2505.6 417.51 2257.5 2675.0 1.3028 6.0562 7.3589

101.325 99.97 0.001043 1.6734 418.95 2087.0 2506.0 419.06 2256.5 2675.6 1.3069 6.0476 7.3545
125 105.97 0.001048 1.3750 444.23 2068.8 2513.0 44436 2240.6 2684.9 1.3741 5.9100 7.2841
150 111.35 0.001053 1.1594 466.97 2052.3 2519.2 467.13 2226.0 2693.1 1.4337 b5.7894 7.2231

175 116.04 0.001057 1.0037 486.82 2037.7 25245 487.01 2213.1 2700.2 1.4850 5.6865 7.1716
200 120.21 0.001061 0.88578 504.50 2024.6 2529.1 504.71 2201.6 2706.3 1.5302 5.5968 7.1270
225 123.97 0.001064 0.79329 520.47 2012.7 2533.2 520.71 2191.0 2711.7 1.5706 5.5171 7.0877
250 127.41 0.001067 0.71873 535.08 2001.8 2536.8 53535 2181.2 2716.5 1.6072 5.4453 7.05625
275 130.58 0.001070 0.65732 548.57 1991.6 2540.1 548.86 2172.0 2720.9 1.6408 5.3800 7.0207

300 133.52 0.001073 0.60582 561.11 1982.1 2543.2 561.43 2163.5 27249 1.6717 5.3200 6.9917
B25 136.27 0.001076 0.56199 572.84 1973.1 25459 573.19 21554 2728.6 1.7005 5.2645 6.9650
350 138.86 0.001079 0.52422 583.89 1964.6 2548.5 584.26 2147.7 2732.0 1.7274 5.2128 6.9402
375 141.30 0.001081 0.49133 594.32 1956.6 2550.9 594.73 2140.4 2735.1 1.75626 b5.1645 6.9171
400 143.61 0.001084 0.46242 604.22 19489 2553.1 604.66 2133.4 2738.1 1.7765 5.1191 6.8955

450 147.90 0.001088 0.41392 622.65 1934.5 2557.1 623.14 2120.3 2743.4 1.8205 5.0356 6.8561
500 151.83 0.001093 0.37483 639.54 1921.2 2560.7 640.09 2108.0 2748.1 1.8604 4.9603 6.8207
550 155.46 0.001097 0.34261 655.16 1908.8 2563.9 655.77 2096.6 2752.4 1.8970 4.8916 6.7886
600 158.83 0.001101 0.31560 669.72 1897.1 2566.8 670.38 2085.8 2756.2 1.9308 4.8285 6.7593
650 161.98 0.001104 0.29260 683.37 1886.1 2569.4 684.08 2075.5 2759.6 1.9623 4.7699 6.7322

700 164.95 0.001108 0.27278 696.23 18756 2571.8 697.00 20658 2762.8 1.9918 4.7153 6.7071
750 167.75 0.001111 0.25552 708.40 1865.6 2574.0 709.24 2056.4 2765.7 2.0195 4.6642 6.6837
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TABLE A-5

Saturated water—Pressure table (Concluded)

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kllkg kikg kJikg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Press., temp., liquid, vapor, liquid, Evap., wapor, liquid, Evap., wvapor, liquid, Ewvap., wapor,
F kPa T.°C v Ve Uy Up U, hy hy h, S; Sk S

800 170.41 0.001115 0.24035 719.97 1856.1 2576.0 720.87 2047.5 2768.3 2.0457 4.6160 6.6616
850 172,94 0.001118 0.22690 731.00 1846.9 2577.9 731.95 20388 2770.8 2.0705 4.5705 6.6409
900 175.35 0.001121 0.21489 741.55 1838.1 2579.6 742,56 2030.5 2773.0 2.0941 4.5273 6.6213
950 177.66 0.001124 0.20411 751.67 1829.6 2581.3 752.74 20224 27752 21166 4.4862 6.6027
1000 179.88 0.001127 0.19436 761.39 1821.4 2582.8 762.51 20146 2777.1 21381 4.4470 6.5850

1100 184.06 0.001133 0.17745 779.78 1805.7 2585.5 781.03 1999.6 2780.7 2.1785 4.3735 6.5520
1200 18796 0.001138 0.16326 796.96 1790.9 2587.8 798.33 19854 2783.8 2.2159 4.3058 6.5217
1300 191.60 0.001144 0.15119 813.10 1776.8 2589.9 81459 1971.9 2786.5 2.2508 4.2428 6.4936
1400 195.04 0.001149 0.14078 828.35 1763.4 2591.8 829.96 1958.9 27889 2.2835 4.1840 6.4675
1500 198.29 0.001154 0.13171 842.82 1750.6 2593.4 84455 1946.4 2791.0 2.3143 4.1287 6.4430

1750 205.72 0.001166 0.11344 876.12 1720.6 2596.7 878.16 1917.1 2795.2 2.3844 4.0033 6.3877
2000 212.38 0.001177 0.099587 906.12 1693.0 2599.1 908.47 1889.8 2798.3 2.4467 3.8923 6.3390
2250 218.41 0.001187 0.088717 933.54 1667.3 2600.9 936.21 1864.3 2800.5 2.5029 3.7926 6.2954
2500 223.95 0.001197 0.079952 958.87 1643.2 2602.1 961.87 1840.1 2801.9 2.5542 3.7016 6.2558
3000 233.85 0.001217 0.066667 1004.6 1598.5 2603.2 1008.3 1794.9 2803.2 2.6454 3.5402 6.1856

3500 24256 0.001235 0.057061 10454 1557.6 2603.0 1049.7 1753.0 2802.7 2.7253 3.3991 6.1244
4000 250.35 0.001252 0.049779 1082.4 1519.3 2601.7 1087.4 1713.5 2800.8 2.7966 3.2731 6.0696
5000 263.94 0.001286 0.039448 1148.1 1448.9 2597.0 1154.5 1639.7 2794.2 29207 3.0530 5.9737
6000 275.59 0.001319 0.032449 1205.8 1384.1 2589.9 1213.8 1570.9 2784.6 3.0275 2.8627 5.8902
7000 285.83 0.001352 0.027378 1258.0 1323.0 2581.0 1267.5 1505.2 2772.6 3.1220 2.6927 5.8148

8000 295.01 0.001384 0.023525 1306.0 1264.5 2570.5 1317.1 1441.6 2758.7 3.2077 2.5373 5.7450
9000 303.35 0.001418 0.020489 1350.9 1207.6 2558.5 1363.7 1379.3 27429 3.2866 2.3925 5.6791
10,000 311.00 0.001452 0.018028 1393.3 1151.8 2545.2 1407.8 1317.6 27255 3.3603 2.2556 5.6159
11,000 318.08 0.001488 0.015988 1433.9 1096.6 2530.4 1450.2 1266.1 2706.3 3.4299 2.1245 5.5544
12,000 324.68 0.001526 0.014264 1473.0 1041.3 2514.3 1491.3 1194.1 26854 3.4964 1.9975 5.4939

13,000 330.85 0.001566 0.012781 1511.0 985.5 2496.6 1531.4 1131.3 2662.7 3.5606 1.8730 5.4336
14,000 336.67 0.001610 0.011487 1548.4 928.7 2477.1 1571.0 1067.0 2637.9 3.6232 1.7497 5.3728
15,000 342.16 0.001657 0.010341 15855 870.3 2455.7 1610.3 1000.5 2610.8 3.6848 1.6261 5.3108
16,000 347.36 0.001710 0.009312 16226 809.4 2432.0 1649.9 931.1 2581.0 3.7461 1.5005 5.2466
17,000 352.29 0.001770 0.008374 1660.2 745.1 2405.4 16%90.3 857.4 2547.7 3.8082 1.3709 5.1791

18,000 356.99 0.001840 0.007504 1699.1 675.9 2375.0 1732.2 777.8 2510.0 3.8720 1.2343 5.1064
19,000 361.47 0.001926 0.006677 1740.3 598.9 2339.2 1776.8 689.2 2466.0 3.9396 1.0860 5.0256
20,000 365.75 0.002038 0.005862 1785.8 509.0 2294.8 1826.6 585.5 2412.1 4.0146 0.9164 4.9310
21,000 369.83 0.002207 0.004994 18416 391.9 22335 1888.0 450.4 2338.4 4.1071 0.7005 4.8076
22,000 373.71 0.002703 0.003644 1951.7 140.8 2092.4 2011.1 161.5 2172.6 4.2942 0.2496 4.5439
22,064 373.95 0.003106 0.003106 2015.7 0 2015.7 2084.3 0 2084.3 44070 0 4.4070




TABLE A-6

Superheated water

T v u h s v u b s v u h s
o m3/kg kilkg kllkg  klkg-K | m¥kg kJ/kg kllkg  kl/kg-K m3kg klkg klkg kikgK
P = 0.01 MPa (45.81°C)* P = 0.05 MPa (81.32°C) P = 0.10 MPa (99.61°C)
Sat.t 14.670 2437.2 25839 8.1488 3.2403 2483.2 2645.2 7.5931 1.6941 2505.6 2675.0 7.3589
50 14.867 2443.3 2592.0 B8.1741
100 17.196 2515.5 2687.5 B8.4489 3.4187 25115 2682.4 7.6953 1.6959 2506.2 2675.8 7.3611
150 19.513 2587.9 2783.0 8.6893 3.8897 2585.7 2780.2 7.9413 | 1.9367 25829 2776.6 7.6148
200 21.826 2661.4 2879.6 8.9049 4.3562 2660.0 2877.8 B8.1592 2.1724 2658.2 28755 7.8356
250 24.136 2736.1 2977.5 9.1015 4.8206 2735.1 2976.2 B.3568 2.4062 27339 29745 8.0346
300 26.446 2812.3 3076.7 9.2827 5.2841 2811.6 3075.8 BR8.5387 2.6389 2810.7 30745 8.2172
400 31.063 2969.3 3280.0 9.6094 6.2094 2968.9 3279.3 8.8659 | 3.1027 2968.3 3278.6 8.5452
500 35.680 3132.9 3489.7 9.8998 7.1338 31326 3489.3 9.1566 3.5665 3132.2 3488.7 8.8362
600 40.296 3303.3 3706.3 10.1631 8.0577 3303.1 3706.0 9.4201 4.0279 3302.8 3705.6 9.0999
700 44911 3480.8 3929.9 10.4056 8.9813 34806 3929.7 9.6626 4.4900 3480.4 3929.4 9.3424
800 49527 3665.4 4160.6 10.6312 9.9047 3665.2 4160.4 9.8883 49519 3665.0 4160.2 9.5682
900 54.143 3856.9 4398.3 10.8429 | 10.8280 3856.8 4398.2 10.1000 | 5.4137 3856.7 4398.0 9.7800
1000 58.758 4055.3 4642.8 11.0429 | 11.7513 4055.2 4642.7 10.3000 5.8755 4055.0 46426 9.9800
1100 63.373 4260.0 4893.8 11.2326 | 12.6745 42599 4893.7 10.4897 | 6.3372 4259.8 4893.6 10.1698
1200 67.989 4470.9 5150.8 11.4132 | 13.5977 4470.8 5150.7 10.6704 6.7988 4470.7 5150.6 10.3504
1300 72.604 4687.4 5413.4 11.5857 | 14.5209 4687.3 5413.3 10.8429 | 7.2605 4687.2 5413.3 10.5229
P = 0.20 MPa (120.21°C) P = (0.30 MPa (133.52°C) P = 0.40 MPa (143.61°C)
Sat. 0.88578 2529.1 2706.3 7.1270 0.60582 2543.2 27249 6.9917 0.46242 2553.1 2738.1 6.8955
150 0.95986 2577.1 2769.1 7.2810 0.63402 2571.0 2761.2 7.0792 0.47088 2564.4 2752.8 6.9306
200 1.08049 2654.6 2870.7 7.5081 0.71643 2651.0 2865.9 7.3132 0.53434 2647.2 28609 7.1723
260 1.19890 2731.4 2971.2 7.7100 0.79645 2728.9 2967.9 7.5180 | 0.59520 2726.4 2964.5 7.3804
300 1.31623 2808.8 3072.1 7.8941 0.87535 2807.0 3069.6 7.7037 0.65489 2805.1 3067.1 7.5677
400 1.54934 2967.2 3277.0 8.2236 1.03155 2966.0 3275.5 8.0347 | 0.77265 2964.9 3273.9 7.9003
500 1.78142 3131.4 3487.7 B8.51563 1.18672 3130.6 3486.6 8.3271 0.88936 3129.8 3485.5 8.1933
600 2.01302 3302.2 3704.8 8.7793 1.34139 3301.6 3704.0 8.5915 1.00558 3301.0 3703.3 8.4580
700 2.24434 34799 3928.8 9.0221 1.49580 34795 3928.2 BR.8345 1.12152 3479.0 39276 8.7012
800 2.47550 3664.7 4159.8 9.2479 1.65004 3664.3 4159.3 9.0605 | 1.23730 3663.9 41589 89274
900 2.70656 3856.3 4397.7 9.4598 1.80417 3856.0 4397.3 9.2725 1.35298 3855.7 4396.9 9.1394
1000 2.93755 4054.8 4642.3 9.6599 1.95824 4054.5 4642.0 9.4726 | 1.46859 4054.3 4641.7 9.3396
1100 3.16848 42596 4893.3 9.8497 2.11226 4259.4 4893.1 9.6624 1.58414 4259.2 48929 9.5295
1200 3.39938 4470.5 5150.4 10.0304 2.26624 4470.3 5150.2 9.8431 1.69966 4470.2 5150.0 9.7102
1300 3.63026 4687.1 5413.1 10.2029 2.42019 4686.9 5413.0 10.0157 1.81516 4686.7 5412.8 9.8828
P = 0.50 MPa (151.83°C) P = 0.60 MPa (158.83°C) P = 0.80 MPa (170.41°C)
Sat. 0.37483 2560.7 2748.1 6.8207 0.31560 2566.8 2756.2 6.7593 | 0.24035 2576.0 2768.3 6.6616
200 042503 2643.3 2855.8 7.0610 0.35212 26394 2850.6 6.9683 0.26088 2631.1 2839.8 6.8177
250 0.47443 2723.8 2961.0 7.2725 0.39390 2721.2 2957.6 7.1833 | 0.29321 27159 2950.4 7.0402
300 0.52261 2803.3 3064.6 7.4614 0.43442 2801.4 3062.0 7.3740 0.32416 2797.5 3056.9 7.2345
350 0.57015 2883.0 3168.1 7.6346 0.47428 2881.6 3166.1 7.5481 | 0.35442 2878.6 3162.2 7.4107
400 061731 2963.7 3272.4 7.7956 0.51374 2962.5 3270.8 7.7097 0.38429 2960.2 3267.7 7.57356
500 0.71095 3129.0 34845 8.0893 0.59200 3128.2 3483.4 8.0041 0.44332 3126.6 3481.3 7.8692
600 0.80409 3300.4 3702.5 B8.3544 0.66976 3299.8 3701.7 8.2695 | 0.50186 3298.7 3700.1 8.1354
700 0.89696 3478.6 3927.0 B8.5978 0.74725 3478.1 3926.4 R8.5132 0.56011 3477.2 3925.3 8.3794
800 0.98966 3663.6 4158.4 B8.8240 0.82457 3663.2 4157.9 8.7395 | 0.61820 3662.5 4157.0 8.6061
200 1.08227 38565.4 4396.6 9.0362 0.90179 3855.1 4396.2 R8.9518 0.67619 3854.5 43955 8.8185
1000 1.17480 4054.0 4641.4 9.2364 0.97893 4053.8 4641.1 9.1521 | 0.73411 4053.3 4640.5 9.0189
1100 1.26728 4259.0 48926 9.4263 1.05603 4258.8 4892.4 9.3420 0.79197 4258.3 4891.9 9.2090
1200 1.35972 4470.0 5149.8 9.6071 1.13309 4469.8 5149.6 9.5229 | 0.84980 4469.4 5149.3 9.3898
1300 1.45214 4686.6 54126 9.7797 1.21012 4686.4 54125 9.6955 0.90761 4686.1 5412.2 9.5625

*The temperature in parentheses is the saturation temperature at the specified pressure.
" Properties of saturated vapor at the specified pressure.



TABLE A-6

Superheated water (Concluded)

T v u h s v u b s v u h 5
°C m/kg kllkg klkg kikg-K| m¥kg klkg kikg klkgK m3/kg kl/kg kllkg  kl/kg-K
P = 1.00 MPa (179.88°C) P = 1.20 MPa (187.96°C) P = 1.40 MPa (195.04°C)
Sat. 0.19437 25828 2777.1 6.5850| 0.16326 2587.8 2783.8 6.5217 0.14078 2591.8 27889 6.4675
200 0.20602 2622.3 2828.3 6.6956| 0.16934 26129 2816.1 6.5909 0.14303 2602.7 2803.0 6.4975
250 0.23275 27104 29431 6.9265| 0.19241 2704.7 29356 6.8313 0.16356 26989 29279 6£.7488
300 0.25799 2793.7 30516 7.1246| 0.21386 2789.7 3046.3 7.0335 0.18233 2785.7 3040.9 6.9553
350 0.28250 2875.7 3158.2 7.3029| 0.23455 2872.7 3154.2 7.2139 0.20029 2869.7 3150.1 7.1379
400 0.30661 2957.9 3264.5 7.4670| 0.25482 2955.5 3261.3 7.3793 0.21782 2953.1 3258.1 7.3046
500 0.35411 3125.0 3479.1 7.7642| 0.29464 3123.4 3477.0 7.6779 0.25216 3121.8 34748 7.6047
600 0.40111 3297.5 3698.6 8.0311| 0.33395 3296.3 3697.0 7.9456 0.28597 3295.1 3695.5 7.8730
700 0.44783 3476.3 3924.1 8.2755| 0.37297 3475.3 3922.9 8.1904 0.31951 3474.4 3921.7 8.1183
800 0.49438 3661.7 4156.1 8.5024 | 0.41184 3661.0 4155.2 8.4176 0.35288 3660.3 4154.3 8.3458
900 0.54083 3853.9 43948 8.7150( 0.45059 3853.3 4394.0 8.6303 0.38614 3852.7 4393.3 8.5687
1000 0.58721 4052.7 4640.0 8.9155| 0.48928 4052.2 4639.4 B8.8310 0.41933 4051.7 4638.8 8.7595
1100 0.63354 42579 4891.4 9.1057 | 0.52792 4257.5 4891.0 9.0212 0.45247 4257.0 4890.5 8.9497
1200 0.67983 4469.0 51489 9.2866| 0.56652 4468.7 5148.5 9.2022 0.48558 4468.3 5148.1 9.1308
1300 0.72610 4685.8 5411.9 9.4593| 0.60509 4685.5 5411.6 9.3750 0.51866 4685.1 5411.3 9.3036
P = 1.60 MPa (201.37°C) P = 1.80 MPa (207.11°C) P = 2.00 MPa (212.38°C)
Sat. 0.12374 2594.8 2792.8 6.4200 | 0.11037 2597.3 2795.9 6.3775 0.09959 2599.1 2798.3 6.3390
225 0.13293 2645.1 2857.8 6.5537 | 0.11678 2637.0 2847.2 6.4825 0.10381 2628.5 2836.1 6.4160
250 0.14190 26929 29199 6.6753 | 0.12502 2686.7 2911.7 6.6088 0.11150 2680.3 2903.3 6.5475
300 0.15866 2781.6 3035.4 6.8864 | 0.14025 2777.4 3029.9 6.8246 0.12551 2773.2 3024.2 6.7684
350 0.17459 2866.6 3146.0 7.0713 | 0.15460 2863.6 31419 7.0120 0.13860 2860.5 3137.7 6.9583
400 0.19007 2950.8 32549 7.2394 | 0.16849 2948.3 3251.6 7.1814 0.15122 29459 3248.4 7.1292
500 0.22029 3120.1 3472.6 7.5410| 0.19551 3118.5 3470.4 7.4845 0.17568 3116.9 3468.3 7.4337
600 0.24999 32939 36939 7.8101 | 0.22200 3292.7 3692.3 7.7543 0.19962 3291.5 3690.7 7.7043
700 0.27941 3473.5 3920.5 8.0558 | 0.24822 3472.6 3919.4 B8.0005 0.22326 3471.7 3918.2 7.9509
800 0.30865 3659.5 4153.4 8.2834 | 0.27426 3658.8B 4152.4 8.2284 0.24674 3658.0 4151.5 8.1791
900 0.33780 3852.1 43926 8.4965 | 0.30020 3851.5 4391.9 8.4417 0.27012 3850.9 4391.1 8.3925
1000 0.36687 4051.2 4638.2 8.6974 | 0.32606 4050.7 4637.6 8.6427 0.29342 4050.2 4637.1 8.5936
1100 0.39589 4256.6 4890.0 8.8878 | 0.35188 4256.2 48896 8.8331 0.31667 4255.7 4889.1 B8.7842
1200 0.42488 4467.9 5147.7 9.0689 | 0.37766 4467.6 5147.3 9.0143 0.33989 4467.2 5147.0 8.9654
1300 0.45383 4684.8 54109 9.2418 | 0.40341 4684.5 5410.6 9.1872 0.36308 4684.2 5410.3 9.1384
P = 2.50 MPa (223.95°C) P = 3.00 MPa (233.85°C) P = 3.50 MPa (242.56°C)
Sat. 0.07995 2602.1 2801.9 6.2558 | 0.06667 2603.2 2803.2 6.1856 0.05706 2603.0 2802.7 6.1244
225 0.08026 2604.8 28055 6.2629
250 0.08705 2663.3 2880.9 6.4107 | 0.07063 2644.7 2856.5 6.2893 0.05876 2624.0 2829.7 6.1764
300 0.09894 2762.2 3009.6 6.6459 | 0.08118 2750.8 2994.3 6.5412 0.06845 2738.8 2978.4 6.4484
350 0.10979 2852.5 3127.0 6.8424 | 0.09056 2844.4 3116.1 6.7450 0.07680 2836.0 3104.9 6.6601
400 0.12012 2939.8 3240.1 7.0170 | 0.09938 2933.6 3231.7 6.9235 0.08456 2927.2 3223.2 6.8428
450 0.13015 3026.2 3351.6 7.1768 | 0.10789 3021.2 3344.9 7.0856 0.09198 3016.1 3338.1 7.0074
500 0.13999 3112.8 34628 7.3254 | 0.11620 3108.6 3457.2 7.2359 0.09919 3104.5 3451.7 7.1593
600 0.15931 3288.5 3686.8 7.5979 | 0.13245 3285.5 3682.8 7.5103 0.11325 32825 3678.9 7.4357
700 0.17835 3469.3 3915.2 7.8455 | 0.14841 3467.0 3912.2 7.7590 0.12702 3464.7 3909.3 7.6855
800 0.19722 3656.2 4149.2 8.0744 | 0.16420 3654.3 4146.9 7.9885 0.14061 3652.5 41446 7.9156
900 0.21597 38494 4389.3 8.2882 | 0.17988 3847.9 43875 8.2028 0.15410 3846.4 4385.7 8.1304
1000 0.23466 4049.0 4635.6 8.4897 | 0.19549 4047.7 4634.2 8.4045 0.16751 4046.4 4632.7 8.3324
1100 0.25330 4254.7 48879 8.6804 | 0.21105 4253.6 4886.7 8.5955 0.18087 42525 4885.6 8.5236
1200 0.27190 4466.3 5146.0 8.8618 | 0.22658 4465.3 bH145.1 8.7771 0.19420 4464.4 5144.1 8.7053
1300 0.29048 4683.4 5409.5 9.0349 | 0.24207 4682.6 5408.8 B8.9502 0.20750 4681.8 5408.0 8.8786



TABLE A-6

Superheated water (Continued)

T W u h s v u h s v u h 5

“C m3/kg kl/kg kJikg ki/kg-K | m3/kg kJikg kJ/kg kl/kg-K | m3/kg kJikg klikg  klikg-K
P = 4.0 MPa (250.35°C) P = 4.5 MPa (257.44°C) P = 5.0 MPa (263.94°C)

Sat. 0.04978 2601.7 2800.8 6.0696 | 0.04406 2599.7 2798.0 6.0198 | 0.03945 2597.0 2794.2 59737
275 0.05461 2668.9 2887.3 6.2312 | 0.04733 2651.4 28644 6.1429 | 0.04144 2632.3 2839.5 6.0571
300 0.05887 2726.2 2961.7 6.3639 | 0.05138 2713.0 2944.2 6.2854 | 0.04535 2699.0 2925.7 6.2111
350 0.06647 2827.4 3093.3 6.5843 | 0.05842 2818.6 3081.5 6.5153 | 0.05197 2809.5 3069.3 6.4516
400 0.07343 2920.8 32145 6.7714 | 0.06477 2914.2 3205.7 6.7071 | 0.05784 2907.5 3196.7 6.6483
450 0.08004 3011.0 3331.2 6.9386 | 0.07076 3005.8 3324.2 6.8770 | 0.06332 3000.6 3317.2 6.8210
500 0.08644 3100.3 3446.0 7.0922 | 0.07652 3096.0 3440.4 7.0323 | 0.06858 3091.8 3434.7 6.9781
600 0.09886 3279.4 36749 7.3706 | 0.08766 3276.4 36709 7.3127 | 0.07870 3273.3 3666.9 7.2605
700 0.11098 3462.4 3906.3 7.6214 | 0.09850 3460.0 3903.3 7.5647 | 0.08852 3457.7 3900.3 7.5136
800 0.12292 3650.6 4142.3 7.8523 | 0.10916 3648.8 4140.0 7.7962 | 0.09816 3646.9 4137.7 7.7458
900 0.13476 3844.8 43839 B8.0675 | 0.11972 38433 4382.1 8.0118 | 0.10769 3841.8 4380.2 7.9619
1000 0.14653 4045.1 4631.2 8.2698 | 0.13020 40439 4629.8 8.2144 | 0.11715 40426 4628.3 8.1648
1100 0.15824 4251.4 4884.4 8.4612 | 0.14064 4250.4 4883.2 8.4060 | 0.12655 4249.3 4882.1 8.3566
1200 0.16992 4463.5 5143.2 8.6430 | 0.15103 44626 5142.2 8.5880 | 0.13592 4461.6 5141.3 8.5388
1300 0.18157 4680.9 5407.2 8.8164 | 0.16140 4680.1 5406.5 8.7616 | 0.14527 4679.3 5405.7 8.7124

P = 6.0 MPa (275.59°C) P = 7.0 MPa (285.83°C) P = 8.0 MPa (295.01°C)

Sat. 0.03245 2589.9 2784.6 5.8902 | 0.027378 2581.0 2772.6 5.8148 | 0.023525 2570.5 2758.7 5.7450
300 0.03619 2668.4 28856 6.0703 | 0.029492 2633.5 2839.9 5.9337 | 0.024279 2592.3 2786.5 5.7937
350 0.04225 2790.4 3043.9 6.3357 | 0.035262 2770.1 3016.9 6.2305 | 0.029975 2748.3 2988.1 6.1321
400 0.04742 2893.7 3178.3 6.5432 | 0.039958 2879.5 3159.2 6.4502 | 0.034344 2864.6 3139.4 6.36568
450 0.05217 2989.9 3302.9 6.7219 | 0.044187 2979.0 3288.3 6.6353 | 0.038194 2967.8 3273.3 6.5579
500 0.05667 3083.1 3423.1 6.8826 | 0.048157 3074.3 3411.4 6.8000 | 0.041767 3065.4 3399.5 6.7266
550 0.06102 3175.2 3541.3 7.0308 | 0.051966 3167.9 3531.6 6.9507 | 0.045172 3160.5 3521.8 6.8800
600 0.06527 3267.2 3658.8 7.1693 | 0.055665 3261.0 3650.6 7.0910 | 0.048463 3254.7 3642.4 7.0221
700 0.07355 3453.0 3894.3 7.4247 | 0.062850 3448.3 3888.3 7.3487 | 0.054829 3443.6 3882.2 7.2822
800 0.08165 3643.2 4133.1 7.6582 | 0.069856 3639.5 4128.5 7.5836 | 0.061011 3635.7 4123.8 7.5185
900 0.08964 3838.8 4376.6 7.8751 | 0.076750 3835.7 4373.0 7.8014 | 0.067082 3832.7 4369.3 7.7372
1000 0.09756 4040.1 4625.4 8.0786 | 0.083571 4037.5 4622.5 8.0055 | 0.073079 4035.0 4619.6 7.9419
1100 0.10543 4247.1 4879.7 8.2709 | 0.090341 4245.0 4877.4 8.1982 | 0.079025 4242.8 4875.0 8.1350
1200 0.11326 4459.8 5139.4 8.4534 | 0.097075 44579 5137.4 8.3810 | 0.084934 4456.1 5135.5 8.3181
1300 0.12107 4677.7 5404.1 8.6273 | 0.103781 4676.1 5402.6 8.5551 | 0.090817 4674.5 5401.0 8.4925

P = 9.0 MPa (303.35°C) P = 10.0 MPa (311.00°C) P = 12.5 MPa (327.81°C)

Sat. 0.020489 2558.5 27429 5.6791 | 0.018028 2545.2 2725.5 5.6159 | 0.013496 2505.6 2674.3 5.4638
325 0.023284 2647.6 2857.1 5.8738 | 0.019877 2611.6 2810.3 5.7596
350 0.025816 2725.0 2957.3 6.0380 | 0.022440 2699.6 2924.0 5.9460 | 0.016138 2624.9 2826.6 5.7130
400 0.029960 2849.2 3118.8 6.2876 | 0.026436 2833.1 3097.5 6.2141 | 0.020030 2789.6 3040.0 6.0433
450 0.033524 2956.3 3258.0 6.4872 | 0.029782 2944.5 3242.4 6.4219 | 0.023019 2913.7 3201.5 6.2749
500 0.036793 3056.3 3387.4 6.6603 | 0.032811 3047.0 3375.1 6.5995 | 0.025630 3023.2 3343.6 6.4651
550 0.039885 3153.0 3512.0 6.8164 | 0.035655 3145.4 3502.0 6.7585 | 0.028033 3126.1 3476.5 6.6317
600 0.042861 3248.4 3634.1 6.9605 | 0.038378 3242.0 3625.8 6.9045 | 0.030306 3225.8 3604.6 6.7828
650 0.045755 3343.4 3755.2 7.0954 | 0.041018 3338.0 3748.1 7.0408 | 0.032491 3324.1 3730.2 6.9227
700 0.048589 3438.8 3876.1 7.2229 | 0.043597 3434.0 3870.0 7.1693 | 0.034612 3422.0 3854.6 7.0540
800 0.054132 3632.0 4119.2 7.4606 | 0.048629 3628.2 4114.5 7.4085 | 0.038724 3618.8 4102.8 7.2967
900 0.059562 3829.6 4365.7 7.6802 | 0.053547 3826.5 4362.0 7.6290 | 0.042720 3818.9 4352.9 7.5195
1000 0.064919 4032.4 4616.7 7.8855 | 0.058391 4029.9 4613.8 7.8349 | 0.046641 4023.5 4606.5 7.7269
1100 0.070224 4240.7 4872.7 8.0791 | 0.063183 4238.5 4870.3 8.0289 | 0.050510 4233.1 4864.5 7.9220
1200 0.075492 4454.2 5133.6 8.2625 | 0.067938 4452.4 5131.7 8.2126 | 0.054342 4447.7 5127.0 8.1065
1300 0.080733 4672.9 5399.5 8.4371 | 0.072667 4671.3 5398.0 8.3874 | 0.058147 4667.3 5394.1 8.2819



TABLE A-6

Superheated water (Concluded)

T v u h 5 v u h s v u h s
°C m3/kg kllkg  klikg klkg-K | m¥kg kllkg klkg klkg-K | m¥kg ki/lkg  klikg  klikg-K
P = 15.0 MPa (342.16°C) P = 17.5 MPa (354.67°C) P = 20.0 MPa (365.75°C)

Sat. 0.010341 2455.7 2610.8 5.3108 0.007932 2390.7 2529.5 5.1435 | 0.005862 2294.8 2412.1 4.9310
350 0.011481 25209 2693.1 5.4438

400 0.015671 2740.6 2975.7 5.8819 0.012463 2684.3 2902.4 5.7211 | 0.009950 2617.9 2816.9 5.5526
450 0.018477 2880.8 3157.9 6.1434 0.015204 28454 3111.4 6.0212 | 0.012721 2807.3 3061.7 5.9043
500 0.020828 2998.4 3310.8 6.3480 0.017385 2972.4 3276.7 6.2424 | 0.014793 2945.3 3241.2 6.1446
550 0.022945 3106.2 3450.4 6.5230 0.019305 3085.8 3423.6 6.4266 | 0.016571 3064.7 3396.2 6.3390
600 0.024921 3209.3 35683.1 6.6796 0.021073 3192.5 3561.3 6.5890 | 0.018185 3175.3 3539.0 6.5075
650 0.026804 3310.1 3712.1 6.8233 0.022742 3295.8 3693.8 6.7366 | 0.019695 3281.4 3675.3 6.6593
700 0.028621 3409.8 3839.1 6.9573 0.024342 3397.5 3823.5 6.8735| 0.021134 3385.1 3807.8 6.7991
800 0.032121 3609.3 4091.1 7.2037 0.027405 3599.7 4079.3 7.1237 | 0.023870 3590.1 4067.5 7.0531
900 0.035503 3811.2 4343.7 7.4288 0.030348 3803.5 4334.6 7.3511 | 0.026484 3795.7 4325.4 7.2829
1000 0.038808 4017.1 4599.2 7.6378 0.033215 4010.7 4592.0 7.5616 | 0.029020 4004.3 4584.7 7.4950
1100 0.042062 4227.7 4858.6 7.8339 0.036029 4222.3 4852.8 7.7588 | 0.031504 4216.9 4847.0 7.6933
1200 0.045279 4443.1 5122.3 8.0192 0.038806 4438.5 5117.6 7.9449 | 0.033952 4433.8 5112.9 7.8802
1300 0.048469 4663.3 5390.3 8.1952 0.041556 4659.2 5386.5 8.1215 | 0.036371 4655.2 5382.7 8.0574

F = 25.0 MPa P = 30.0 MPa P = 35.0 MPa
375 0.001978 1799.9 1849.4 4.0345 0.001792 1738.1 1791.9 3.9313 | 0.001701 1702.8 1762.4 3.8724
400 0.006005 24285 2578.7 5.1400 0.002798 2068.9 2152.8 4.4758 | 0.002105 1914.9 19886 4.2144
425 0.007886 2607.8 2805.0 5.4708 0.005299 24529 2611.8 5.1473 | 0.003434 2253.3 23735 4.7751
450 0.009176 2721.2 2950.6 5.6759 0.006737 2618.9 2821.0 5.4422 | 0.004957 2497.5 2671.0 5.1946
500 0.011143 2887.3 3165.9 5.9643 0.008691 2824.0 3084.8 5.7956 | 0.006933 2755.3 2997.9 5.6331
550 0.012736 3020.8 3339.2 6.1816 0.010175 2974.5 3279.7 6.0403 | 0.008348 29258 3218.0 5.9093
600 0.014140 3140.0 3493.5 6.3637 0.011445 3103.4 3446.8 6.2373 | 0.009523 3065.6 3399.0 6.1229
650 0.015430 3251.9 3637.7 6.5243 0.012590 3221.7 3599.4 6.4074 | 0.010565 3190.9 3560.7 6.3030
700 0.016643 33599 3776.0 6.6702 0.013654 3334.3 37439 6.5599 | 0.011523 3308.3 3711.6 6.4623
800 0.018922 3570.7 4043.8 6.9322 0.015628 3551.2 4020.0 6.8301 | 0.013278 3531.6 3996.3 6.7409
900 0.021075 3780.2 4307.1 7.1668 0.017473 3764.6 4288.8 7.0695 | 0.014904 3749.0 4270.6 6.9853
1000 0.023150 3991.5 4570.2 7.3821 0.019240 3978.6 4555.8 7.2880 | 0.016450 3965.8 4541.5 7.2069
1100 0.025172 4206.1 4835.4 7.5825 0.020954 4195.2 4823.9 7.4906 | 0.017942 4184.4 48124 7.4118
1200 0.027157 44246 5103.5 7.7710 0.022630 4415.3 5094.2 7.6807 | 0.019398 4406.1 5085.0 7.6034
1300 0.029115 4647.2 5375.1 7.9494 0.024279 4639.2 5367.6 7.8602 | 0.020827 4631.2 5360.2 7.7841
P = 40.0 MPa P = 50.0 MPa P = 60.0 MPa

375 0.001641 1677.0 1742.6 3.8290 0.001560 1638.6 1716.6 3.7642 | 0.001503 1609.7 1699.9 3.7149
400 0.001911 1855.0 1931.4 4.1145 0.001731 1787.8 1874.4 4.0029 | 0.001633 1745.2 1843.2 3.9317
425 0.002538 2097.5 2199.0 4.5044 0.002009 1960.3 2060.7 4.2746 | 0.001816 1892.9 2001.8 4.1630
450 0.003692 2364.2 2511.8 4.9449 0.002487 2160.3 2284.7 4.5896 | 0.002086 2055.1 2180.2 4.4140
500 0.005623 2681.6 2906.5 5.4744 0.003890 2528.1 2722.6 5.1762 | 0.002952 2393.2 2570.3 4.9356
550 0.006985 2875.1 3154.4 5.7857 0.005118 2769.5 3025.4 5.5563 | 0.003955 2664.6 2901.9 5.3517
600 0.008089 3026.8 3350.4 6.0170 0.006108 2947.1 3252.6 5.8245 | 0.004833 2866.8 3156.8 5.6527
650 0.009053 3159.5 3521.6 K.2078 0.006957 3095.6 3443.5 6.0373 | 0.005591 3031.3 3366.8 5.8867
700 0.009930 3282.0 3679.2 6.3740 0.007717 3228.7 3614.6 6.2179 | 0.006265 3175.4 3551.3 6.0814
800 0.011521 3511.8 39726 6.6613 0.009073 3472.2 3925.8 6.5225 | 0.007456 3432.6 3880.0 6.4033
900 0.012980 3733.3 42525 6.9107 0.010296 3702.0 4216.8 6.7819 | 0.008519 3670.9 4182.1 6.6725
1000 0.014360 3952.9 4527.3 7.1355 0.011441 3927.4 4499.4 7.0131 | 0.009504 3902.0 4472.2 6.9099
1100 0.015686 4173.7 4801.1 7.3425 0.012534 4152.2 4778.9 7.2244 | 0.010439 4130.9 4757.3 7.1255
1200 0.016976 4396.9 b5075.9 7.5357 0.013590 4378.6 5058.1 7.4207 | 0.011339 4360.5 5040.8 7.3248
1300 0.018239 4623.3 5352.8 7.7175 0.014620 4607.5 5338.5 7.6048 | 0.012213 4591.8 53245 7.5111




TABLE A-7

Compressed liquid water

T v u h s v u h s v u h s
°C m3/kg kilkg klkg  klkg-K | m3/kg ki/lkg  kl/kg kJ/kg-K | mirkg kilkg  klkg kllkg-K
P =5 MPa (263.94°C) P = 10 MPa (311.00°C) P = 15 MPa (342.16°C)
Sat. 0.0012862 1148.1 11545 2.9207 | 0.0014522 13933 14079 3.3603 | 0.0016572 15855 1610.3 3.6848
0 0.0009977 0.04 5.03 0.0001 | 0.0009952 0.12 10.07 0.0003 | 0.0009928 0.18 15.07 0.0004
20 0.0009996 83.61 88.61 0.2954 | 0.0009973 83.31 93.28 0.2943 | 0.0009951 83.01 97.93 0.2932
40 0.0010057 166.92 171.95 0.5705 | 0.0010035 166.33 176.37 0.5685 | 0.0010013 165.75 180.77 0.5666
60 0.0010149 250.29 255.36 0.8287 | 0.0010127 24943 25955 0.8260 | 0.0010105 24858 263.74 0.8234
80 0.0010267 333.82 338.96 1.0723 | 0.0010244 33269 34294 1.0691 | 0.0010221 331.59 346.92 1.0659
100 0.0010410 417.65 422.85 1.3034 | 0.0010385 416.23 426.62 1.2996 | 0.0010361 414.85 430.39 1.2958
120 0.0010576 501.91 507.19 1.65236 | 0.0010549 500.18 510.73 1.5191 0.0010522 498.50 514.28 1.5148
140 0.0010769 586.80 592.18 1.7344 | 0.0010738 b584.72 59545 1.7293 | 0.0010708 582.69 598.756 1.7243
160 0.0010988 672.55 678.04 19374 | 0.0010954 6&70.06 681.01 1.9316 | 0.0010920 667.63 684.01 1.9259
180 0.0011240 759.47 765.09 2.1338 | 0.0011200 756.48 767.68 2.1271 0.0011160 753.58 770.32 2.1206
200 0.0011531 847.92 853.68 2.3251 | 0.0011482 84432 85580 2.3174 | 0.0011435 840.84 858.00 2.3100
220 0.0011868 938.39 944.32 25127 | 0.0011809 934.01 94582 2.5037 | 0.0011752 929.81 947.43 2.4951
240 0.0012268 1031.6 1037.7 2.6983 | 0.0012192 1026.2 10383 26876 | 0.0012121 1021.0 1039.2 2.6774
260 0.0012755 1128.5 1134.9 2.8841 | 0.0012653 1121.6 1134.3 2.8710 | 0.0012560 1115.1 1134.0 2.8586
280 0.0013226 1221.8 1235.0 3.0565 | 0.0013096 1213.4 1233.0 3.0410
300 0.0013980 13294 13433 3.2488 | 0.0013783 1317.6 13383 3.2279
320 0.0014733 14319 1454.0 3.4263
340 0.0016311 1567.9 1592.4 3.6555
F = 20 MPa (365.75°C) F = 30 MPa P = 50 MPa
Sat. 0.0020378 1785.8 1826.6 4.0146
0  0.0009904 0.23 20.03 0.0005 | 0.0009857 0.29 29.86 0.0003 | 0.0009767 0.29 49.13 —0.0010
20 0.0009929 82.71 102.57 0.2921 | 0.0009886 82.11 111.77 0.2897 | 0.0009805 80.93 129.95 0.2845
40 0.0009992 165.17 185.16 0.5646 | 0.0009951 164.05 193.90 0.5607 | 0.0009872 161.90 211.25 0.5528
60 0.0010084 247.75 267.92 0.8208 | 0.0010042 246.14 276.26 0.8156 | 0.0009962 243.08 292.88 0.80565
80 0.0010199 330.50 350.90 1.0627 | 0.0010155 328.40 35886 1.0564 | 0.0010072 324.42 374.78 1.0442
100 0.0010337 413.50 434.17 1.2920 | 0.0010290 410.87 441.74 1.2847 | 0.0010201 40594 456.94 1.2705
120 0.0010496 496.85 517.84 1.5105 | 0.0010445 493.66 52500 1.5020 | 0.0010349 487.69 539.43 1.4859
140 0.0010679 580.71 602.07 1.7194 | 0.0010623 576.90 608.76 1.7098 | 0.0010517 569.77 622.36 1.6916
160 0.0010886 665.28 687.05 1.9203 | 0.0010823 660.74 693.21 1.9094 | 0.0010704 652.33 705.85 1.8889
180 0.0011122 750.78 773.02 2.1143 | 0.0011049 74540 77855 2.1020 | 0.0010914 735.49 790.06 2.0790
200 0.0011390 837.49 860.27 2.3027 | 0.0011304 831.11 86502 2.2888 | 0.0011149 819.45 875.19 2.2628
220 0.0011697 925.77 949.16 2.4867 | 0.0011595 918.15 952.93 2.4707 | 0.0011412 904.39 96l1.45 2.4414
240 0.0012053 1016.1 1040.2 2.6676 | 0.0011927 1006.9 10427 2.6491 0.0011708 990.55 1049.1 2.6156
260 0.0012472 1109.0 1134.0 2.8469 | 0.0012314 1097.8 1134.7 2.8250 | 0.0012044 1078.2 11384 2.7864
280 0.0012978 1205.6 1231.5 3.0265 | 0.0012770 11915 12298 3.0001 0.0012430 1167.7 12299 2.9547
300 0.0013611 1307.2 13344 3.2091 | 0.0013322 12889 13289 3.1761 0.0012879 1259.6 1324.0 3.1218
320 0.0014450 1416.6 14455 3.3996 | 0.0014014 1391.7 1433.7 3.3558 | 0.0013409 1354.3 14214 3.2888
340 0.0015693 1540.2 1571.6 3.6086 | 0.0014932 15024 1547.1 3.5438 | 0.0014049 14529 1523.1 3.4575
360 0.0018248 1703.6 1740.1 3.8787 | 0.0016276 1626.8 16756 3.7499 | 0.0014848 1556.5 1630.7 3.6301
380 0.0018729 1782.0 1838.2 4.0026 | 0.0015884 1667.1 1746.5 3.8102




TABLE A-8

Saturated ice-water vapor

Specific volume, Internal energy, Enthalpy, Entropy,
m¥/kg kJ/kg kl/kg kJikg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., ice, vapor, ice, Subl., wvapor, ice, Subl., wvapor, ice, Subl., vapor,
TreC P, kPa v, vy u; U, u, h; hy h, s; Sy S,

0.01 0.61169 0.001091 205.99 -333.40 2707.9 23745 -333.40 2833.9 2500.5 -1.2202 10.374 9.154

0] 0.61115 0.001091 206.17 -—333.43 2707.9 2374.5 -—333.43 28339 2500.5 -1.2204 10.375 9.154
-2 0.51772 0.001091 241.62 -—-337.63 2709.4 2371.8 —-337.63 28345 2496.8 -1.2358 10.453 9.218
—4 0.43748 0.001090 283.84 —341.80 2710.8 2369.0 —341.80 2835.0 2493.2 -1.2513 10.533 9.282
—6 0.36873 0.001090 334.27 —34594 2712.2 2366.2 —34593 28354 2489.5 -1.2667 10.613 9.347
-8 0.30998 0.001090 394.66 -—350.04 2713.5 2363.5 —350.04 2835.8 24858 -1.2821 10.695 9.413
-10 0.25990 0.001089 467.17 -—354.12 2714.8 2360.7 —354.12 2836.2 2482.1 -1.2976 10.778 9.480
-12 0.21732 0.001089 554.47 -—358.17 2716.1 2357.9 -—358.17 2836.6 2478.4 -1.3130 10.862 9.549
-14 0.18121 0.001088 659.88 —362.18 2717.3 2355.2 —362.18 2836.9 24747 -1.3284 10.947 9.618
-16 0.15068 0.001088 787.51 -366.17 2718.6 2352.4 -—366.17 2837.2 2471.0 -1.3439 11.033 9.689
-18 0.12492 0.001088 942.51 -370.13 2719.7 2349.6 -370.13 2837.5 2467.3 -1.3593 11.121 9.761
-20 0.10326 0.001087 1131.3 —374.06 2720.9 2346.8 —374.06 2837.7 2463.6 -1.3748 11.209 9.835
=Lz 0.08510 0.001087 1362.0 —377.95 2722.0 2344.1 -377.95 2837.9 2459.9 -1.3903 11.300 9.909
—24 0.06991 0.001087 1644.7 —381.82 2723.1 2341.3 —381.82 2838.1 2456.2 -1.4057 11.391 9.985
-26 0.05725 0.001087 1992.2 —385.66 2724.2 2338.5 —385.66 2838.2 24525 -1.4212 11.484 10.063
—28 0.04673 0.001086 2421.0 —389.47 2725.2 2335.7 —389.47 2838.3 24488 -1.4367 11.578 10.141
—30 0.03802 0.001086 2951.7 —393.25 2726.2 23329 -—393.25 2838.4 24451 -1.4521 11.673 10.221
-32 0.03082 0.001086 3610.9 —397.00 2727.2 2330.2 —-397.00 28384 24414 -1.4676 11.770 10.303
—34 0.02490 0.001085 44324 —400.72 2728.1 2327.4 -400.72 28385 2437.7 -1.4831 11.869 10.386
—36 0.02004 0.001085 5460.1 —404.40 2729.0 2324.6 —404.40 2838.4 2434.0 -1.4986 11.969 10.470
—38 0.01608 0.001085 6750.5 —408.07 2729.9 2321.8 —408.07 2838.4 24303 -1.5141 12.071 10.557
—40 0.01285 0.001084 8376.7 —411.70 2730.7 2319.0 -411.70 28383 2426.6 -1.5296 12.174 10.644




TABLE A-11
Saturated refrigerant-134a—Temperature table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kJikg kl/kg kJikg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liguid, Evap., vapor, liquid, Evap., vapor, liguid, Evap., vapor,
T°C P kPa v Vg Uy Ugg U hy he hy S¢ Sk Sg
—40 51.25 0.0007053 0.36064 —0.036 207.42 207.38 0.00 22586 225.86 0.00000 0.96869 0.96869
—38 56.86 0.0007082 0.32718 2.472 206.06 208.53 2512 224.62 227.13 0.01071 0.95516 0.96588
-36 62.95 0.0007111 0.29740 4,987 204.69 209.68 5.032 223.37 22840 0.02137 0.94182 0.96319
—34 69.56 0.0007141 0.27082 7.509 203.32 210.83 7.559 222.10 229.66 0.03196 0.92867 0.96063
—32 76.71 0.0007171 0.24706 10.04 201.94 211.97 10.09 220.83 230.93 0.04249 0.91569 0.95819
—30 84.43 0.0007201 0.22577 12.58 200.55 213.12 12.64 219.55 232.19 0.05297 0.90289 0.95586
—-28 92.76 0.0007232 0.20666 156.12 199.15 214.27 15.19 218.25 233.44 0.06339 0.89024 0.95364
—26 101.73 0.0007264 0.18947 17.67 197.756 215.42 17.75 216.95 234.70 0.07376 0.87776 0.95152
—24 111.37 0.0007296 0.17398 20.23 196.34 216.57 20.31 215.63 235.94 0.08408 0.86542 0.94950
—22 121.72 0.0007328 0.15999 22.80 19492 217.71 22.89 214.30 237.19 0.09435 0.85323 0.94758
—20 132.82 0.0007361 0.14735 25.37 19349 21886 2547 21296 23843 0.10456 0.84119 0.94575
-18 144.69 0.0007394 0.13589 27.96 192.05 220.00 28.07 211.60 239.67 0.11473 0.82927 0.94401
—16 157.38 0.0007428 0.12550 30.55 190.60 221.15 30.67 210.23 24090 0.12486 0.81749 0.94234
—14 170.93 0.0007463 0.11605 33.15 189.14 22229 33.28 208.84 242.12 0.13493 0.80583 0.94076
—-12 185.37 0.0007498 0.10744 35.76 18766 22342 3590 207.44 24334 0.14497 0.79429 0.93925
—-10 200.74 0.0007533 0.099600 38.38 186.18 22456 38.53 206.02 24455 0.15496 0.78286 0.93782
-8 217.08 0.0007570 0.092438 41.01 184.69 225.69 41.17 204.59 245.76 0.16491 0.77154 0.93645
—6 234.44 0.0007607 0.085888 43.64 183.18 226.82 43.82 203.14 246.95 0.17482 0.76033 0.93514
—4 252.85 0.0007644 0.079889 46.29 181.66 227.94 46.48 201.66 248.14 0.18469 0.74921 0.93390
-2 272.36 0.0007683 0.074388 48.94 180.12 229.07 49.15 200.17 249.33 0.19452 0.73819 0.93271
0 293.01 0.0007722 0.069335 51.61 17858 230.18 51.83 198.67 250.50 0.20432 0.72726 0.93158
2 314.84 0.0007761 0.064690 54.28 177.01 23130 54.53 197.14 251.66 0.21408 0.71641 0.93050
4 337.90 0.0007802 0.060412 56.97 17544 232.40 57.23 19558 252.82 0.22381 0.70565 0.92946
6 362.23 0.0007843 0.056469 59.66 173.84 23351 5995 194.01 253.96 0.23351 0.69496 0.92847
8 387.88 0.0007886 0.052829 62.37 17223 23460 62.68 19242 255.09 0.24318 0.68435 0.92752
10 414.89 0.0007929 0.049466 65.09 170.61 23569 6542 190.80 256.22 0.25282 0.67380 0.92661
12 443.31 0.0007973 0.046354 67.82 168.96 236.78 68.17 189.16 257.33 0.26243 0.66331 0.92574
14 473.19 0.0008018 0.043471 70.56 167.30 237.86 70.94 187.49 25843 0.27201 0.65289 0.92490
16 504.58 0.0008064 0.040798 73.31 165.62 23893 73.72 185.80 259.51 0.28157 0.64252 0.92409
18 537.52 0.0008112 0.038317 76.07 163.92 23999 7651 184.08 260.59 0.29111 0.63219 0.92330
20 572.07 0.0008160 0.036012 78.85 162.19 241.04 79.32 182.33 261.64 0.30062 0.62192 0.92254
22 608.27 0.0008209 0.033867 81.64 16045 242.09 82.14 180.656 262.69 0.31012 0.61168 0.92180
24 646.18 0.0008260 0.031869 84.44 15868 243.13 84.98 178.74 263.72 0.31959 0.60148 0.92107
26 685.84 0.0008312 0.030008 87.26 156.89 244.15 87.83 176.90 264.73 0.32905 0.59131 0.92036
28 727.31 0.0008366 0.028271 90.09 155.08 245.17 90.70 175.03 265.73 0.33849 0.58117 0.91967
30 770.64 0.0008421 0.026648 9293 153.24 246.17 93.58 173.13 266.71 0.34792 0.57105 0.91897
32 815.89 0.0008477 0.025131 95.79 151.37 247.17 96.49 171.19 267.67 0.35734 0.56095 0.91829
34 863.11 0.0008535 0.023712 98.67 149.48 248.15 99.41 169.21 268.61 0.36675 0.55086 0.91760
36 912.35 0.0008595 0.022383 101.56 147.656 249.11 102.34 167.19 269.53 0.37615 0.54077 0.91692
38 963.68 0.0008657 0.021137 104.47 145.60 250.07 105.30 165.13 270.44 0.38554 0.53068 0.91622
40 1017.1 0.0008720 0.019968 107.39 14361 251.00 108.28 163.03 271.31 0.39493 0.52059 0.91552
42 1072.8 0.0008786 0.018870 110.34 141.59 25192 111.28 160.89 272.17 0.40432 0.51048 0.91480
44 1130.7 0.0008854 0.017837 113.30 139.53 252.83 114.30 158.70 273.00 0.41371 0.50036 0.91407



TABLE A-11

Saturated refrigerant-134a—Temperature table (Concluded)

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kllkg kJ/kg kJ/kg-K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Ewvap., vapor, liquid, Evap., vapor,  liguid, Evap., vapor,
T°C Po kPa v Ve Uy U, Ug hy he hy 55 S s
46 1191.0 0.0008924 0.016866 116.28 137.43 253.71 117.34 156.46 273.80 0.42311 0.49020 0.91331
48 1253.6 0.0008997 0.015951 119.28 135.30 254.58 120.41 154.17 274.57 0.43251 0.48001 0.91252
52 1386.2 0.0009151 0.014276 125.35 130.89 256.24 126.62 149.41 276.03 0.45136 0.45948 0.91084
56 1529.1 0.0009317 0.012782 131.52 126.29 257.81 132.94 144.41 277.35 0.47028 0.43870 0.90898
60 1682.8 0.0009498 0.011434 137.79 121.45 259.23 139.38 139.09 278.47 0.48930 0.41746 0.90676
65 1891.0 0.0009751 0.009959 145.80 115.06 260.86 147.64 132.05 279.69 0.51330 0.39048 0.90379
70 2118.2 0.0010037 0.008650 154.03 108.17 262.20 156.15 124.37 280.52 0.53763 0.36239 0.90002
75 2365.8 0.0010373 0.007486 162.55 100.62 263.17 165.01 115.87 280.88 0.56252 0.33279 0.89531
80 2635.3 0.0010774 0.006439 171.43 92.22 263.66 174.27 106.35 280.63 0.58812 0.30113 0.88925
85 2928.2 0.0011273 0.005484 180.81 82.64 263.45 184.11 95.39 279.51 0.61487 0.26632 0.88120
90 3246.9 0.0011938 0.004591 190.94 71.19 262.13 194.82 82.22 277.04 0.64354 0.22638 0.86991
95 3594.1 0.0012945 0.003713 202.49 56.25 258.73 207.14 6494 272.08 0.67605 0.17638 0.85243
100 3975.1 0.0015269 0.002657 218.73 29.72 248.46 22480 34.22 259.02 0.72224 0.09169 0.81393

Source of Data: Tables A=11 through A=13 are generated using the Engineering Equation Solver (EES) software developed by S. A. Klein and F. L. Alvarado.
The routine used in calculations is the R134a, which is based on the fundamental equation of state developed by R. Tiliner—Roth and H.D. Baehr, “An
International Standard Formulation for the Thermodynamic Properties of 1,1,1,2-Tetrafluoroethane (HFC-134a) for temperatures from 170 K to 455 K and
pressures up to 70 MPa,” J. Phys. Chem, Ref. Data, Vol. 23, No. 5§, 1994. The enthalpy and entropy values of saturated liquid are set to zero at —40°C

(and —40°F).



TABLE A-12

Saturated refrigerant-134a—Pressure table

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg kl/kg klikg kJ/kg-K
Press., Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
P temp., liquid, vapor, liquid, Evap., vapor, liguid, Evap., vapor, liquid, Evap., vapor,
kPa T °C Vi Vg U Ug ug hy hy hg S Sg Sg

60 -36.95 0.0007097 0.31108 3.795 205.34 209.13  3.837 223.96 227.80 0.01633 0.94812 0.96445
70 -—-33.87 0.0007143 0.26921 7.672 203.23 21090 7.722 222.02 229.74 0.03264 0.92783 0.96047
80 -31.13 0.0007184 0.23749 11.14 201.33 21248 11.20 220.27 231.47 0.04707 0.91009 0.95716
90 -—-28.65 0.0007222 0.21261 14.30 199.60 213.90 14.36 218.67 233.04 0.06003 0.89431 0.95434
100 -26.37 0.0007258 0.19255 17.19 198.01 21521 17.27 217.19 23446 0.07182 0.88008 0.95191
120 —-22.32 0.0007323 0.16216 22.38 195.15 217.53 22.47 21452 236.99 0.09269 0.85520 0.94789
140 -18.77 0.0007381 0.14020 26.96 192.60 219.56 27.06 212.13 239.19 0.11080 0.83387 0.94467
160 -15.60 0.0007435 0.12355 31.06 190.31 221.37 31.18 209.96 241.14 0.12686 0.81517 0.94202
180 -12.73 0.0007485 0.11049 34.81 188.20 223.01 34.94 207.95 24290 0.14131 0.79848 0.93979
200 -10.09 0.0007532 0.099951 38.26 186.25 22451 3841 206.09 24450 0.15449 0.78339 0.93788
240 -5.38 0.0007618 0.083983 44.46 18271 227.17 4464 202.68 24732 0.17786 0.75689 0.93475
280 -—1.25 0.0007697 0.072434 4995 179.54 229.49 50.16 199.61 249.77 0.19822 0.73406 0.93228
320 2.46 0.0007771 0.063681 5490 176.65 231.55 55.14 196.78 251.93 0.21631 0.71395 0.93026
360 5.82 0.0007840 0.056809 59.42 173.99 233.41 59.70 194.15 253.86 0.23265 0.69591 0.92856
400 8.91 0.0007905 0.051266 63.61 171.49 23510 63.92 191.68 255.61 0.24757 0.67954 0.92711
450 12.46 0.0007983 0.045677 68.44 168.58 237.03 68.80 188.78 257.58 0.26462 0.66093 0.92555
500 15.71 0.0008058 0.041168 72.92 165.86 238.77 7332 186.04 259.36 0.28021 0.64399 0.92420
550 18.73 0.0008129 0.037452 77.09 163.29 24038 77.54 183.44 260.98 0.29460 0.62842 0.92302
600 21.55 0.0008198 0.034335 81.01 160.84 241.86 8150 180.95 26246 0.30799 0.61398 0.92196
650 24.20 0.0008265 0.031680 84.72 15851 24323 8526 17856 263.82 0.32052 0.60048 0.92100
700 26.69 0.0008331 0.029392 88.24 156.27 24451 88.82 176.26 265.08 0.33232 0.58780 0.92012
750 29.06 0.0008395 0.027398 91.59 154.11 24570 92.22 174.03 266.25 0.34348 0.57582 0.91930
800 31.31 0.0008457 0.025645 94.80 152.02 246.82 95.48 171.86 267.34 0.35408 0.56445 0.91853
8560 33.45 0.0008519 0.024091 97.88 150.00 247.88 98.61 169.756 268.36 0.36417 0.55362 0.91779
900 35.51 0.0008580 0.022703 100.84 148.03 248.88 101.62 167.69 269.31 0.37383 0.54326 0.91709
950 37.48 0.0008640 0.021456 103.70 146.11 24982 104.52 165.68 270.20 0.38307 0.53333 0.91641
1000 39.37 0.0008700 0.020329 106.47 144.24 250.71 107.34 163.70 271.04 0.39196 0.52378 0.91574
1200 46.29 0.0008935 0.016728 116.72 137.12 25384 117.79 156.12 27392 0.42449 0.48870 0.91320
1400 52.40 0.0009167 0.014119 12596 130.44 256.40 127.25 148.92 276.17 0.45325 0.45742 0.91067
1600 57.88 0.0009400 0.012134 134.45 124.05 258.50 135.96 141.96 277.92 0.47921 0.42881 0.90802
1800 62.87 0.0009639 0.010568 142.36 117.85 260.21 144.09 135.14 279.23 0.50304 0.40213 0.90517
2000 67.45 0.0009887 0.009297 149.81 111.75 261.56 151.78 128.36 280.15 0.52519 0.37684 0.90204
2500 77.54 0.0010567 0.006941 167.02 96.47 263.49 169.66 111.18 280.84 0.57542 0.31701 0.89243
3000 86.16 0.0011410 0.005272 183.09 80.17 263.26 186.51 92.57 279.08 0.62133 0.25759 0.87893




TABLE A-13
Superheated refrigerant-134a

T v u h 5 v u h s v u h 5
°C mi/kg kl/kg kltkg  klfkg-K mikg kJ/kg kilkg  kllkg-K m3/kg kJ/kg klikg klfkg-K
P = 0.06 MPa (T_, = —36.95°C) P =10.10 MPa (T, = —26.37°C) P=0.14 MPa (T, = —18.77°C)
Sat. 0.31108 209.13 227.80 0.9645 0.19255 215.21 234.46 0.9519 0.14020 219.56 239.19 0.9447
—20 0.33608 220.62 240.78 1.0175 0.19841 219.68 239.52 0.9721
—10 0.35048 227.57 248.60 1.0478 0.20743 226.77 247.51 1.0031 0.14605 225.93 246.37 0.9724
0 036476 23467 256.56 1.0775 0.21630 23397 255.60 1.0333 0.15263 233.25 2b64.61 1.0032
10 0.37893 24194 26468 1.1067 0.22506 241.32 263.82 1.0628 0.15908 240.68 262.95 1.0331
20 0.39302 249.37 27295 1.1354 0.23373 248.81 272.18 1.0919 0.16544 248.24 271.40 1.0625
30 0.40705 256.97 281.39 1.1637 0.24233 256.46 280.69 1.1204 0.17172 255.95 279.99 1.0913
40 0.42102 264.73 28999 1.1916 0.25088 264.27 289.36 1.1485 0.17794 263.80 288.72 1.1196
50 0.43495 27266 29875 1.2192 0.25937 27224 298.17 1.1762 0.18412 271.81 29759 1.1475
60 0.44883 280.75 307.68 1.2464 0.26783 280.36 307.15 1.2036 0.19025 279.97 306.61 1.1750
70 0.46269 289.01 316.77 1.2732 0.27626 288.65 316.28 1.2306 0.19635 288.29 315.78 1.2021
80 0.47651 297.43 326.02 1.2998 0.28465 297.10 325.57 1.2573 0.20242 296.77 325.11 1.2289
90 0.49032 306.02 33543 1.3261 0.29303 305.71 335.01 1.2836 0.20847 305.40 33459 1.2554
100 0.50410 31476 345.01 1.3521 0.30138 314.48 34461 1.3097 0.21449 314.19 344.22 1.2815
P=0.18 MPa (T, = —12.73°C) P =0.20 MPa (T, = —10.09°C) P=0.24 MPa (T, = —5.38°C)
Sat. 0.11049 223.01 24290 0.9398 0.09995 22451 24450 0.9379 | 0.08398 227.17 247.32 0.9348
—10 0.11189 225.04 245.18 0.9485 0.09991 224.57 244.56 0.9381
0 0.11722 23249 25359 0.9799 0.10481 232.11 253.07 0.9699 | 0.08617 231.30 251.98 0.9520
10 0.12240 240.02 262.05 1.0103 0.10955 23969 261.60 1.0005 | 0.09026 239.00 260.66 0.9832
20 0.12748 24766 270.60 1.0400 0.11418 247.36 270.20 1.0304 | 0.09423 246.76 269.38 1.0134
30 0.13248 25543 279.27 1.0691 0.11874 255.16 27891 1.0596 | 0.09812 254.63 278.17 1.0429
40 0.13741 263.33 288.07 1.0976 0.12322 263.09 287.74 1.0882 | 0.10193 26261 287.07 1.0718
50 0.14230 271.38 297.00 1.1257 0.12766 271.16 296.70 1.1164 | 0.10570 270.73 296.09 1.1002
60 0.14715 279.58 306.07 1.1533 0.13206 279.38 305.79 1.1441 0.10942 27898 305.24 1.1281
70 0.15196 28793 31528 1.1806 0.13641 287.75 315.03 1.1714 | 0.11310 287.38 31453 1.1555
80 0.15673 296.43 32465 1.2075 0.14074 296.27 324.41 1.1984 | 0.11675 29593 32395 1.1826
90 0.16149 305.09 334.16 1.2340 0.14504 30493 333.94 1.2250 | 0.12038 304.62 333.51 1.2093
100 0.16622 31390 343.82 1.2603 0.14933 313.75 343.62 1.2513 | 0.12398 313.46 343.22 1.2356
P =10.28 MPa (T, = —1.25°C) P=0.32 MPa (T, = 2.46°C) P = 0.40 MPa (T, = 8.91°C)
Sat. 0.07243 229.49 249.77 0.9323 0.06368 231.556 251.93 0.9303 0.051266 235.10 255.61 0.9271
0 0.07282 230.46 250.85 0.9362
10 0.07646 238.29 259.70 0.9681 0.06609 237.56 258.70 0.9545 0.051506 23599 256.59 0.9306
20 0.07997 246.15 268.54 0.9987 0.06925 24551 267.67 0.9856 0.054213 244.19 265.88 0.9628
30 0.08338 254.08 277.42 1.0285 0.07231 253.52 276.66 1.0158 | 0.056796 252.37 275.09 0.9937
40 0.08672 262.12 286.40 1.0577 0.07530 261.62 285.72 1.0452 0.059292 260.60 284.32 1.0237
50 0.09000 270.28 29548 1.0862 0.07823 269.83 294.87 1.0739 0.061724 268.92 293.61 1.0529
60 0.09324 27858 304.69 1.1143 0.08111 278.17 304.12 1.1022 0.064104 277.34 302.98 1.0814
70 0.09644 287.01 314.01 1.1419 0.08395 286.64 31350 1.1299 0.066443 285.88 312.45 1.1095
80 0.09961 29559 32348 1.1690 0.08675 295.24 323.00 1.1572 0.068747 294.54 32204 1.1370
90 0.10275 304.30 333.07 1.1958 0.08953 303.99 33264 1.1841 0.071023 303.34 331.75 1.1641
100 0.10587 313.17 34281 1.2223 0.09229 312.87 34241 1.2106 0.073274 312.28 34159 1.1908
110 0.10897 322.18 352.69 1.2484 0.09503 32191 352.31 1.2368 | 0.075504 321.35 351.55 1.2172
120 0.11205 331.34 362.72 1.2742 0.09775 331.08 362.36 1.2627 0.077717 330.56 361.65 1.2432
130 0.11512 340.65 372.88 1.2998 0.10045 340.41 37255 1.2883 0.079913 339.92 371.89 1.2689
140 0.11818 350.11 383.20 1.3251 0.10314 349.88 382.89 1.3136 0.082096 349.42 38226 1.2943



TABLE A-13

Superheated refrigerant-134a (Concluded)

T v u h s v u h 5 v u h 5

°c m¥/ke kiikg  klkg  Kkl/kg-K m3/kg kilkg  klkg  klkgK m3/kg kilkg  klkg  klkg-K

P =0.50 MPa (T, = 15.71°C)

P = 0.60 MPa (T, = 21.55°C)

P =0.70 MPa (T, = 26.65°C)

Sat. 0.041168 238.77 259.36 0.9242
20 0.042115 242.42 263.48 09384
30 0.044338 250.86 273.03 0.9704
40 0.046456 259.27 282.50 1.0011
50 0.048499 267.73 291.98 1.0309
60 0.050485 276.27 301.51 1.0600
70 0.052427 28491 311.12 1.0884
80 0.054331 293.65 320.82 1.1163
90 0.056205 302.52 330.63 1.1436

100 0.058053 311.52 340.55 1.1706

110 0.059880 320.65 350.59 1.1971

120 0.061687 329.91 360.75 1.2233

130 0.063479 339.31 371.05 1.2492

140 0.065256 348.85 381.47 1.2747

150 0.067021 358.52 392.04 1.3000

160 0.068775 368.34 402.73 1.3250

0.034335 241.86 262.46 0.9220

0.035984
0.037865
0.039659
0.041389
0.043069 283.91
0.044710 292.74
0.046318 301.69
0.047900 310.75
0.049458 315.93
0.050997 325.24
0.052519 338.69
0.054027 348.26 380.68 1.2585
0.055522 357.98 391.29 1.2838
0.057006 367.83 402.03 1.3089

249.24
257.88
266.50
275.17

270.83 0.9500
280.60 0.9817
290.30 1.0122
300.00 1.0417
309.75 1.0706
319.57 1.0988
329.48 1.1265
339.49 1.1536
349.61 1.1804
359.84 1.2068
370.20 1.2328

0.029392 244.51 265.08 0.9201

0.029966
0.031696
0.033322
0.034875
0.036373
0.037829
0.039250
0.040642
0.042010
0.043358
0.044688
0.046004
0.047306
0.048597

247.49
256.41
265.22
274.03
282.88
291.81
300.84
309.96
319.21
328.57
338.06
347.67
357.42
367.31

268.47 0.9314
278.59 0.9642
288.54 0.9955
298.44 1.0257
308.34 1.0550
318.29 1.0835
328.31 1.1115
338.41 1.1389
348.61 1.1659
358.92 1.1925
369.34 1.2186
379.88 1.2445
390.54 1.2700
401.32 1.2952

P = 0.80 MPa (T, = 31.31°C)

P =0.90 MPa (T = 35.51°C)

P =1.00 MPa (T = 39.37°C)

Sat. 0.025645 246.82 267.34 0.9185
40 0.027035 254.84 276.46 0.9481
50 0.028547 263.87 286.71 0.9803
60 0.029973 272.85 296.82 1.0111
70 0.031340 281.83 306.90 1.0409
80 0.032659 290.86 316.99 1.0699
90 0.033941 299.97 327.12 1.0982

100 0.035193 309.17 337.32 1.1259

110 0.036420 318.47 347.61 1.1531

120 0.037625 327.89 357.99 1.1798

130 0.038813 337.42 368.47 1.2062

140 0.039985 347.08 379.07 1.2321

150 0.041143 356.86 389.78 1.2577

160 0.042290 366.78 400.61 1.2830

170 0.043427 376.83 411.57 1.3081

180 0.044554 387.01 422.65 1.3328

0.022686 248.82 269.25 0.9169
0.023375 253.15 274.19 0.9328
0.024809 262.46 284.79 0.9661
0.026146 271.62 295.15 0.9977
0.027413 280.74 305.41 1.0280
0.028630 289.88 315.65 1.0574
0.029806 299.08 325.90 1.0861
0.030951 308.35 336.21 1.1141
0.032068 317.72 346.58 1.1415
0.033164 327.19 357.04 1.1684
0.034241 336.78 367.59 1.1949
0.035302 346.48 378.25 1.2211
0.036349 356.30 389.01 1.2468
0.037384 366.25 399.89 1.2722
0.038408 376.33 410.89 1.2973
0.039423 386.54 422.02 1.3221

0.020319 250.71 271.04 0.9157
0.020406 251.32 271.73 0.9180
0.021796 260.96 282.76 0.9526
0.023068 270.33 293.40 0.9851
0.024261 279.61 303.87 1.0160
0.025398 288.87 314.27 1.0459
0.026492 298.17 324.66 1.0749
0.027552 307.52 335.08 1.1032
0.028584 316.96 345.54 1.1309
0.029592 326.49 356.08 1.1580
0.030581 336.12 366.70 1.1847
0.031554 345.87 377.42 1.2110
0.032512 355.73 388.24 1.2369
0.033457 365.71 399.17 1.2624
0.034392 375.82 410.22 1.2876
0.035317 386.06 421.38 1.3125

P =1.20 MPa (T, = 46.29°C)

P = 1.40 MPa (T_, = 52.40°C)

P = 1.60 MPa (T_, = 57.88°C)

Sat. 0.016728 253.84 273.92 0.9132
50 0.017201 257.64 278.28 0.9268
60 0.018404 267.57 289.66 0.9615
70 0.019502 277.23 300.63 0.9939
80 0.020529 286.77 311.40 1.0249
90 0.021506 296.28 322.09 1.0547

100 0.022442 305.81 332.74 1.0836

110 0.023348 315.40 343.41 1.1119

120 0.024228 325.05 354.12 1.1395

130 0.025086 334.79 364.90 1.1665

140 0.025927 344.63 375.74 1.1931

150 0.026753 354.57 386.68 1.2192

160 0.027566 364.63 397.71 1.2450

170 0.028367 374.80 408.84 1.2704

180 0.029158 385.10 420.09 1.2955

0.014119 256.40 276.17 0.9107

0.015005
0.016060
0.017023 284.51
0.017923 294.28
0.018778 304.01
0.019597 313.76
0.020388 323.55
0.021155 333.41
0.021904 343.34
0.022636 353.37
0.023355 363.51
0.024061 373.75
0.024757 384.12

264.46
274.62

285.47 0.9389
297.10 0.9733
308.34 1.0056
319.37 1.0364
330.30 1.0661
341.19 1.0949
352.09 1.1230
363.02 1.1504
374.01 1.1773
385.07 1.2038
396.20 1.2298
407.43 1.2554
418.78 1.2808

0.012134 258.50 277.92 0.9080

0.012372
0.013430
0.014362
0.015215
0.016014
0.016773
0.017500
0.018201
0.018882
0.019545
0.020194
0.020830
0.021456

260.91 280.71
271.78 293.27
282.11 305.09
292.19 316.53
302.16 327.78
312.09 338.93
322.03 350.03
332.02 361.14
342.06 372.27
352.19 383.46
362.40 394.71
372.71 406.04
383.13 417.46

0.9164
0.9536
0.9875
1.0195
1.0501
1.0795
1.1081
1.1360
1.1633
1.1901
1.2164
1.2422
1.2677




TABLE A-17

Ideal-gas properties of air

T h u s° T h u s°

K kl/kg P, kl/kg v, kJ/kg-K K kl/kg P, kJ/kg v, kl/kg-K

200 199.97 0.3363 142.56 1707.0 1.29559 580 586.04 14.38 419.55 115.7 2.37348
210 209.97 0.3987 149.69 1512.0 1.34444 690 596.562 15.31 427.15 110.6 2.39140
220 219.97 0.4690 156.82 1346.0 1.39105 600 607.02 16.28 434.78 105.8 2.40902
230 230.02 0.5477 164.00 1205.0 1.43557 610 617.53 17.30 44242 101.2 2.42644
240 240.02 0.6355 171.13 1084.0 1.47824 620 628.07 18.36 450.09 96.92 2.44356

250 250.05 0.7329 178.28 979.0 1.51917 630 638.63 19.84 457.78 92.84 2.46048
260 260.09 0.8405 185.45 887.8 1.55848 640 649.22 20.64 465.50 88.99 2.47716
270 270.11 0.9590 192.60 808.0 1.59634 660 659.84 21.86 473.25 85.34 2.49364
280 280.13 1.0889 199.75 738.0 1.63279 660 670.47 23.13 481.01 81.89 2.50985
285 285.14 1.1584 203.33 706.1 1.65055 670 681.14 2446 488.81 78.61 2.52589

290 290.16 1.2311 206.91 676.1 1.66802 680 691.82 25.85 496.62 7550 2.54175
295 295.17 1.3068 210.49 647.9 1.68515 690 702.52 27.29 504.45 7256 2.55731
298 298.18 1.3543 212.64 631.9 1.69528 700 713.27 28.80 b12.33 69.76 2.57277
300 300.19 1.3860 214.07 621.2 1.70203 710 724.04 30.38 520.23 67.07 2.58810
306 306.22 1.4686 217.67 596.0 1.71865 720 734.82 32.02 528.14 64.53 2.60319

310 310.24 1.5546 221.25 572.3 1.73498 730 745.62 33.72 536.07 62.13 2.61803
316 315.27 1.6442 22485 5498 1.75106 740 756.44 35,50 b544.02 59.82 2.63280
320 320.29 1.7375 228.42 528.6 1.76690 760 767.29 37.35 bb1.99 57.63 2.64737
325 32531 1.8345 232.02 508.4 1.78249 760 778.18 39.27 560.01 55.54 2.66176
330 330.34 1.9352 235.61 489.4 1.79783 780 800.03 43.35 576.12 51.64 2.69013

340 340.42 2.149 242.82 454.1 1.82790 800 821.95 47.75 592.30 48.08 2.71787
350 350.49 2379 250.02 422.2 1.85708 820 843.98 52.59 608.59 44.84 2.74504
360 360.58 2.626 257.24 393.4 1.88543 840 866.08 b57.60 624.95 4185 2.77170
370 370.67 2.892 26446 367.2 191313 860 888.27 63.09 641.40 39.12 2.79783
380 380.77 3.176 271.69 343.4 1.94001 880 910.56 68.98 657.95 36.61 2.82344

390 390.88 3.481 278.93 321.5 1.96633 900 93293 75.29 67458 34.31 2.84856
400 400.98 3.806 286.16 301.6 1.99194 920 955.38 82.05 691.28 32.18 2.87324
410 411.12 4.153 293.43 283.3 2.01699 940 977.92 89.28 708.08 30.22 2.89748
420 421.26 4.522 300.69 266.6 2.04142 960 1000.55 97.00 725.02 28.40 2.92128
430 431.43 4915 307.99 251.1 2.06533 980 1023.25 106.2 741.98 26.73 2.94468

440 44161 5332 31530 236.8 2.08870 1000 1046.04 114.0 75894 25.17 2.96770
450 451.80 5776 32262 2236 211161 1020 1068.89 123.4 776.10 23.72 2.99034
460 462.02 6.245 329.97 211.4 2.13407 1040 1091.85 133.3 79336 23.29 3.01260
470 472.24 6.742 337.32 200.1 2.15604 1060 1114.86 143.9 810.62 21.14 3.03449
480 482.49 7.268 344.70 1895 2.17760 1080 1137.89 155.2 827.88 19.98 3.05608

490 492.74 7.824 352.08 179.7 2.19876 1100 1161.07 167.1 845.33 18.896 3.07732
500 503.02 8.411 359.49 170.6 2.21952 1120 1184.28 179.7 862.79 17.886 3.09825
510 513.32 9.031 366.92 162.1 2.23993 1140 1207.567 193.1 880.356 16.946 3.11883
520 523.63 9.684 37436 154.1 2.25997 1160 1230.92 207.2 89791 16.064 3.13916
530 533.98 10.37 381.84 146.7 2.27967 1180 1254.34 222.2 91557 15.241 3.15916

540 54435 11.10 389.34 139.7 2.29906 1200 1277.79 238.0 933.33 14470 3.17888
550 555.74 11.86 396.86 133.1 2.31809 1220 1301.31 254.7 951.09 13.747 3.19834
560 565.17 12.66 404.42 127.0 2.33685 1240 1324.93 272.3 968.95 13.069 3.21751
570 575.69 13.50 411.97 121.2 2.35531




TABLE A-17

|deal-gas properties of air (Concluded)

T h u s° T h u s°

K kJ/kg = kJ/kg v, kJ/kg-K K kJ/kg ( kJ/kg v, kJ/kg-K

1260 1348.55 290.8 986.90 12.435 3.23638 1600 1757.57 791.2 1298.30 5.804 3.52364
1280 1372.24 310.4 1004.76 11.835 3.25510 1620 1782.00 834.1 1316.96 5.574 3.53879

1300 1395.97 330.9 1022.82 11.275 3.27345 1640 1806.46 878.9 1335.72 5.355 3.55381
1320 1419.76 352.5 1040.88 10.747 3.29160 1660 1830.96 925.6 1354.48 5.147 3.56867
1340 1443.60 375.3 1058.94 10.247 3.30959 1680 1855.50 974.2 1373.24 4.949 3.58335
1360 1467.49 399.1 1077.10 9.780 3.32724 1700 1880.1 1025 13%92.7 4.761 3.5979
1380 1491.44 4242 1095.26 9.337 3.34474 1750 1941.6 1161 1439.8 4.328 3.6336

1400 1515.42 450.5 1113.52 8.919 3.36200 1800 2003.3 1310 1487.2 3.994 3.6684
1420 1539.44 478.0 1131.77 8.626 3.37901 1850 2065.3 1475 1534.9 3.601 3.7023
1440 1563.51 b506.9 1150.13 8.1563 3.39586 1900 2127.4 1655 15682.6 3.295 3.7354
1460 1587.63 537.1 1168.49 7.801 3.41247 1950 2189.7 1852 1630.6 3.022 3.7677
1480 1611.79 568.8 1186.95 7.468 3.42892 2000 2252.1 2068 1678.7 2.776 3.7994

1500 1635.97 601.9 1205.41 7.152 3.44516 2050 23146 2303 1726.8 2.655 3.8303
1520 1660.23 636.5 1223.87 6.854 3.46120 2100 2377.7 2569 17753 2.356 3.8605
1540 1684.51 672.8 1242.43 6.569 3.47712 2150 2440.3 2837 1823.8 2.175 3.8901
1560 1708.82 710.5 1260.99 6.301 3.49276 2200 2503.2 3138 18724 2.012 3.9191
1580 1733.17 750.0 1279.65 6.046 3.50829 2250 2566.4 3464 1921.3 1.864 3.9474

Note: The properties P, (relative pressure) and v, (relative specific volume) are dimensionless quantities used in the analysis of isentropic processes, and
should not be confused with the properties pressure and specific volume.

Source of Data: Kenneth Wark, Thermodynamics, 4th ed. (New York: McGraw-Hill, 1983), pp. 785-86, table A-5. Originally published in J. H. Keenan
and J. Kaye, Gas Tables (New York: John Wiley & Sons, 1948).



