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In this chapter the relationships between pressure, specific volume, and temperature
will be presented for a pure substance. A pure substance is homogeneous, but may
exist in more than one phase, with each phase having the same chemical composition.
Water is a pure substance; the various combinations of its three phases (vapor, liquid,
ice) have the same chemical composition. Air in the gas phase is a pure substance, but
liquid air has a different chemical composition. Air is not a pure substance if it exists in
more than one phase.

Properties of Pure Substances 
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2.1 The P-v-T Surface 
It is well known that a substance can exist in three different phases: solid, liquid, and gas.
Assume that a solid is contained in a piston-cylinder arrangement such that

the pressure is maintained at a constant value; heat is added to the cylinder, causing the
substance to experience all three phases, as in Fig. 2.1. We will record the temperature T
and specific volume v during the experiment. Start with the solid at some low
temperature, as in Fig. 2.2a; then add heat until it is all liquid (v does not increase very
much). After all the solid is melted, the temperature of the liquid again rises until vapor
just begins to form; this state is called the saturated liquid state.
During the phase change from liquid to vapor,1 called vaporization, the temperature
remains constant as heat is added. Finally, all the liquid is vaporized and the state of
saturated vapor exists, after which the temperature again rises with heat addition.
Note, the specific volumes of the solid and liquid are much less than the specific volume of
vapor at relatively low pressures.
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If the experiment is repeated a number of times using
different pressures, a T-v diagram results, shown in Figure
below. At pressures that exceed the pressure of the critical
point, the liquid simply changes to a vapor without a
constant-temperature vaporization process.

Projecting the liquid, two-phase liquid–vapor, and vapor
regions of the p–v–T surface onto the temperature–specific
volume plane results in a T–v diagram as in Figure below.
Since consistent patterns are revealed in the p–v–T
behavior of all pure substances, Figure below showing a T–
v diagram for water can be regarded as representative.
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The experiment could also be run by holding the temperature fixed and decreasing the pressure, as in
Fig. 2.3a (the solid is not displayed). The solid would change to a liquid, and the liquid to a vapor, as in
the experiment that led to Fig. 2.2. The T-v diagram, with only the liquid and vapor phases shown, is
displayed in Fig. 2.3b.
The process of melting, vaporization, and sublimation (the transformation of a solid directly to a
vapor) are shown in Fig. 2.3c. Distortions are made in all three diagrams so that the various regions are
displayed. The triple point is the point where all three phases exist in equilibrium together
Primary practical interest is in situations involving the liquid, liquid-vapor, and vapor regions. A
saturated vapor lies on the saturated vapor line and a saturated liquid on the saturated liquid line. The
region to the right of the saturated vapor line is the superheated region; the region to the left of the
saturated liquid line is the compressed liquid region (also called the subcooled liquid region). A
supercritical state is encountered when the pressure and temperature are greater than the critical
values.
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2.2 The Liquid-Vapor Region 
At any state (T, v) between saturated points f (state 1) and g (state 2), shown in Fig. 2.4, liquid and vapor
exist in equilibrium. Let vf and vg represent, respectively, the specific volumes of the saturated liquid
and the saturated vapor. Let m be the total mass of a system, mf the amount of mass in the liquid
phase, and mg the amount of mass in the vapor phase. Then, for a state of the system represented by
any (T, v), such as state 3, the total volume of the mixture is the sum of the volume occupied by the
liquid and that occupied by the vapor, or

The ratio of the mass of saturated vapor to the total mass is called the quality of the mixture,
designated by the symbol x; it is

We often refer to the region under the saturation lines as the quality region, or the mixture region, or
the wet region; it is the only region where quality x has a meaning.
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Because the difference in saturated vapor and saturated liquid values frequently appears in
calculations, we often let the subscript “fg” denote this difference; that is,

Then, the specific volume can written as 

The percentage liquid by mass in a mixture is 100(1 – x), and the percentage vapor is 100x.
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2.3 The Steam Tables 
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2.4 Equations of State 
When the vapor of a substance has relatively low density, the pressure, specific volume,
and temperature are related by an equation of state,

where, for a particular gas, the gas constant is R. A gas for which this equation is valid is
called an ideal gas or sometimes a perfect gas. Note that when using the above equation of
state the pressure and temperature must be expressed as absolute quantities.
The gas constant R is related to a universal gas constant   , which has the same value for all
gases, by the relationship

where M is the molar mass, values of which are tabulated in Tables B.2 and B.3. The mole
is that quantity of a substance (i.e., that number of atoms or molecules) having a mass
which, measured in grams, is numerically equal to the atomic or molecular weight of the
substance. In the SI system it is convenient to use instead the kilomole (kmol), which
amounts to x kilograms of a substance of molecular weight x. For instance, 1 kmol of
carbon (with a molecular weight of 12) is a mass of 12 kg; 1 kmol of oxygen is 32 kg. Stated
otherwise, M = 32 kg/kmol for O2. The value R = 8.314 kJ/kmol·K. For air M is 28.97
kg/kmol, so that for air R is 0.287 kJ/ kg·K, or 287 J/kg·K, a value used extensively in
calculations involving air.
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Other forms of the ideal-gas equation are

where n is the number of moles.

The compressibility factor Z helps us in determining whether or not the ideal-gas equation
can be used. It is defined as

and is displayed in Fig. 2.5 for nitrogen. This figure is acceptable for air also, since air is
composed mainly of nitrogen. If Z = 1, or very close to 1, the ideal-gas equation can be used.
If Z is not close to 1, then above Eq. may be used.
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The compressibility factor can be determined for any gas by using a generalized
compressibility chart presented in App. G. In the generalized chart the reduced pressure PR
and reduced temperature TR must be used. They are calculated from

where Pcr and Tcr are the critical-point pressure and temperature, respectively, of Table B.3,
and vR is the pseudo reduced volume in App. G.
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2.5 Equations of State for a Nonideal Gas 
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