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11-1 Saturation Temperature and Saturation Pressure

+ |t probably came as no surprise to you that water started to boil at 100°C. Strictly
speaking, the statement “water boils at 100°C” is incorrect. The correct statement
1s “water boils at 100°C at 1 atm pressure.”

+ The only reason water started boiling at 100°C was because we held the pressure
constant at 1 atm (101.325 kPa). If the pressure inside the cylinder were raised to
500 kPa by adding weights on top of the piston, water would start boiling at
151.8°C.

+ The temperature at which water starts boiling depends on the pressure; therefore,
if the pressure is fixed, so is the boiling temperature. At a given pressure, the
temperature at which a pure substance changes phase is called the saturation

temperature Tsa. Likewise, at a given temperature, the pressure at which a pure

substance changes phase is called the saturation pressure Psa. At a pressure of
101.325 kPa, Tsy is 99.97°C.
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Eaturaiion Saturation tables that list the saturation pressure

Pressure . .
P KkPa against the temperature(or the saturation temperature
= 1)

100
150
200
250
300

0.260 against the pressure) are available for practically all
0.403

0.611 substances. A partial listing of such a table is given in
0.872 : -
1.23 (Table 11-1) for water. This table indicates that the

;;2; pressure of water changing phase (boiling or

ié; condensing) at 25°C must be 3.17 kPa, and the

l;gg pressure of water must be maintained at 3976 kPa

igég (Latm) (about 40 atm) to have it boil at 250 <C.

; g;g i 755 @1 acdidll gl ol Byols Jolas llia %

Table (11-1): Saturation (or vapor) il s (V)1 dgll) - Ly ool gl (ki
pressure of water at various temperatures - Byldl Az dilda cloll pddll il 25

+ Also, water can be frozen by dropping its pressure below 0.61 kPa. It takes a large

amount of energy to melt a solid or vaporize a liquid. 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.
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+ The magnitudes of the latent heats depend on the temperature or pressure at which

the phase change occurs. 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. A plot of T versus P,
such as the one given for water in (Fig. 11-1), is called a liquid—vapor saturation

curve.

Figure (11-1) : The liquid—vapor
saturation curve of a pur substance

(numerical values are for water).

| | |
50 100 150 200

It is clear from (Fig. 11-1) that T, increases with Ps:. Thus, a substance at higher
pressures boils at higher temperatures. In the kitchen, higher boiling temperatures mean
shorter cooking times and energy savings. A beef stew, for example, may take 1 to 2 h
to cook in a regular pan that operates at 1 atm pressure, but only 20 min in a pressure
cooker operating at 3 atm absolute pressure (corresponding boiling temperature:
134°C).
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11-2 Property Diagrams for Phase-Change Processes

The variations of properties during phase-change processes are best studied and
understood with the help of property diagrams. We develop and discuss the T-v, P-v,

and P-T diagrams for pure substances.

» 11.2.1 The T-v Diagram : The phase-change process of water at 1 atm pressure
was described in detail in the last section and plotted on a T-v diagram in
(Fig.11-2). Now we repeat this process at different pressures to develop

the T-v diagram.

Figure (11-2): T-v diagram for the
heating process at constant pressure

Saturated
mixture

v

Let us add weights on top of the piston until the pressure inside the cylinder reaches
1 MPa. As heat is transferred to the water at this new pressure, the process follows a
path that looks very much like the process path at 1 atm pressure, as shown in
(Fig. 11-3), but there are some noticeable differences.
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First, water starts boiling at a much higher temperature (179.9 °C) at this pressure.

Second, the specific volume of the saturated liquid is larger and the specific volume of

the saturated vapor is smaller than the corresponding values at 1 atm pressure. That

is, the horizontal line that connects the saturated liquid and saturated vapor states is

much shorter.

T,°C4

Figure (11-3): T-v diagram of
constant-pressure phase-change
processes of a pure substance at

various pressures (numerical

values are for water).

L
Saturated Saturated
liquid vapor

0.003106 v, m¥fkg

As the pressure is increased further, this saturation line continues to shrink, as shown
in (Fig. 11-3 ), 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 temperature, pressure, and specific volume of a substance at the critical point are

called, respectively, the critical temperature T, critical pressure P, and critical

specific volume V.. The critical-point properties of water are P, = 22.06 MPa,
Tr=373.95 °C, and V., = 0.003106 m*/kg. For helium, they are 0.23 MPa, -267.85 °C,
and 0.01444 m3/kg.
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At pressures above the critical pressure, there is not a distinct phase change process
(Fig. 11-4). Eventually, it resembles a vapor, but we can never tell when the change
has occurred. Above the critical state, there is no line that separates the compressed
liquid region and the superheated vapor region. However, it is customary to refer to the

substance as superheated vapor at temperatures above the critical temperature and as

compressed liquid at temperatures below the critical temperature.
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Figure (11-4): At supercritical pressures (P >Pcr),

there is no distinct phase-change (boiling) process.

(numerical values are for water).
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The saturated liquid states in (Fig. 11-3) can be connected by a line called the saturated

liquid line, and saturated vapor states in the same figure can be connected by another

line, called the saturated vapor line. These two lines meet at the critical point, forming

a dome as shown in (Fig. 11-5 a). 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 liguid—vapor mixture region, or the

wet region.

Compressed
liquid

region

Superheated
VRpOr
region
Saturated )
liquid —~apor
region

Compressed ||
liquid
region

liquid —vapor
region

(@) T-v diagram of a pure substance

(B P-v diggram of a pure substance

Figure (11-5): Property diagrams of a pure substance.
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» 11.2.2 The P-v Diagram: The general shape of the P-v diagram of a pure
substance is very much like the T-v diagram, but the T= constant lines on this
diagram have a downward trend, as shown in (Fig. 11-5 b). Consider again a
piston—cylinder device that contains liquid water at 1MPa and 150°C. Water at
this state exists as a compressed liquid. Now the weights on top of the piston are
removed one by one so that the pressure inside the cylinder decreases gradually
(Fig. 11-6). The water is allowed to exchange heat with the surroundings so its

temperature remains constant.

Figure (11-6) The pressure in a piston—cylinder device

can be reduced by reducing the weight of the piston.

As the pressure decreases, the volume of the water increases slightly. When
the pressure reaches the saturation-pressure value at the specified temperature

(0.4762 MPa), the water starts to boil. During this vaporization process« both the

temperature and the pressure remain constant, but the specific volume increases. Once

the last drop of liquid is vaporized, further reduction in pressure results in a further

increase in specific volume. Notice that during the phase-change process, we did not

remove any weights. Doing so would cause the pressure and therefore the temperature

to drop [since Ts = f (Psar)], and the process would no longer be isothermal. When the

process is repeated for other temperatures, similar paths are obtained for the phase-

change processes. Connecting the saturated liquid and the saturated vapor states by a

curve, we obtain the P-v diagram of a pure substance, as shown in (Fig. 11-5b).
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11-3 Property Tables

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. In the following discussion, the steam tables
are used to demonstrate the use of thermodynamic property tables. Property tables of
other substances are used in the same manner.

For each substance, the thermodynamic properties are listed in more than one table. In
fact, a separate table is prepared for each region of interest such as the superheated
vapor, compressed liquid, and saturated (mixture) regions. Property tables are given in

the appendix in both SI and English units.
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» 11.3.1 Saturated Liquid and Saturated Vapor States :
The subscript " f " is used to denote properties of a saturated liquid, and the subscript
"g" to denote the properties of saturated vapor. These symbols are commonly used in
thermodynamics and originated from German. Another subscript commonly used is
"fg ", which denotes the difference between the saturated vapor and saturated liquid

values of the same property. For example,
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vs = specific volume of saturated liquid.
vg= specific volume of saturated vapor.

vig =difference between vg and vf (that is, vig = Vg - Vi)

Specific volume

37k
Sat. e

Temp. press. [ Sat. Sat.
°C kPa liquid vapor
T P Vi v

sat g

85 57.868 |0.001032 2.8261
90 70.183 |0.001036 2.3593
95 84.609 |0.001040 1.9808

I I

Specific Specific

temperature volume of
saturated
liquid

Corresponding Specific

saturation volume of

pressure saturated
VApOor

Figure (11-7) A partial list of table.

The quantit " hg " 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.
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» 11.3.2 Saturated Liquid—Vapor Mixture
During a vaporization process, a substance exists as part liquid and part vapor. That is,
it is a mixture of saturated liquid and saturated vapor (Fig. 11-8). To analyze this
mixture properly, we need to know the proportions of the liquid and vapor phases in
the mixture. This is done by defining a new property called the quality x
(Dryness Fraction ) defined as the ratio of the mass of vapor to the total mass of the

mixture.
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mass of saturated vapor _ mg

Total mass - mf +mg
m¢ = mass of liquid
mg = mass of gass
There are two important limits to remember:
X = 0: corresponds to mya, = 0. This is the all liquid limit.

X = 1: corresponds to my,, = mtotal. This is the all gas limit. (0 <x <1)
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Figure (11-8) The relative amounts of liquid and vapor phases in a saturated mixture are

specified by the quality x.
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» 11.3.3 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. Since the
superheated region is a single-phase region (vapor phase only), temperature and
pressure are no longer dependent properties and they can conveniently be used as the
two independent properties in the tables. In these tables, the properties are listed against
temperature for selected pressures starting with the saturated vapor data. The saturation
temperature is given in parentheses following the pressure value:

Compared to saturated vapor, superheated vapor is characterized by:

Lower pressures (P < Pg; at a given T)
Higher tempreatures (T > T4 at a given P)
Higher specific volumes (v > vg4 at a given P or T)

Higher internal energies (u > ug at a given P or T)

Higher enthalpies (h = hy at a given P or T).




