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10) Properties of Pure Substances

Properties and the behavior of substances are very important for our studies of
devices and thermodynamic systems. The steam power plant and the nuclear
propulsion system have very similar processes, using water as the working substance.
Water vapor (steam) is made by boiling at high pressure in the steam generator
followed by expansion in the turbine to a lower pressure, cooling in the condenser, and
a return to the boiler by a pump that raises the pressure.

We must know the properties of water to properly size equipment such as the burners
or heat exchangers, turbine, and pump for the desired transfer of energy and the flow

of water.
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10-1 Pure Substance

A substance that has a fixed chemical composition throughout is called a pure
substance. A pure substance does not have to be of a single chemical element or
compound, however. A mixture of various chemical elements or compounds also
qualifies as a pure substance as long as the mixture is homogeneous. 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.

+ Air, for example, is a mixture of several gases, but it is often considered to be a

pure substance because it has a uniform chemical composition (Fig. 10-1).

However, a mixture of oil and water is not a pure substance. Since oil is not soluble

in water, it will collect on top of the water, forming two chemically dissimilar

regions.

+= A mixture of two or more phases of a pure substance is still a pure substance as

long as the chemical composition of all phases is the same (Fig. 10 —-2). A mixture

of ice and liquid water, for example, is a pure substance because both phases have
the same chemical composition. A mixture of liquid air and gaseous air, however,
IS not a pure substance since the composition of liquid air is different from the
composition of gaseous air, and thus the mixture is no longer chemically

homogeneous.
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Figure (10-1): Nitrogen and Figure (10-2): A mixture of liquid and
gaseous air are pure substances. gaseous water is a pure substance, but a

mixture of liquid and gaseous air is not.
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10-2 Phase-Change Processes of Pure Substances

We all know from experience that substances exist in different phases. At room

temperature and pressure, copper is a solid, mercury is a liquid, and nitrogen is a gas.

Under different conditions, each may appear in a different phase. Even though there
are three principal phases—solid, liquid, and gas. A substance may have several phases
within a principal phase, each with a different molecular structure. Carbon, for
example, may exist as graphite or diamond in the solid phase. Helium has two liquid
phases; iron has three solid phases.

There are many practical situations where two phases of a pure substance coexist in

equilibrium. Water exists as a mixture of liquid and vapor in the boiler and the

condenser of a steam power plant. The refrigerant turns from liquid to vapor in the

freezer of a refrigerator.
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» 10.2.3 Solid Phase: ™ Atoms or molecules have all
three types of motion, vibration, rotation and
translation but they are very close together. As a
result, they cannot travel far at all before they collide.
(2) Each molecule moves about within a small space

and does not tend to wander. Figure (10-3): Solid Phase
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> 10.2.2 Liquid Phase: ¥ is not much different from that
of the solid phase, except the molecules are no longer
at fixed positions relative to each other and they can
rotate and translate freely. @ In a liquid, the

intermolecular forces are weaker relative to solids, but

still relatively strong compared with gases. Figure (10-4): Liquid Phase

10.2.1 Gas Phase: * Molecules move randomly o,
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collisions.

Figure (10-5): Gas Phase
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10-3 Compressed Liquid and Saturated Liguid

Consider a piston—cylinder device containing liquid water at 20°C and 1 atm
pressure (state 1, Fig. 10-6). 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. Heat is now transferred to the water until its temperature rises to, say,
40°C. As the temperature rises, the liquid water expands slightly, and so its specific
volume increases. To accommodate this expansion, the piston moves up slightly. The
pressure in the cylinder remains constant at 1 atm during this process since it depends
on the outside barometric pressure and the weight of the piston, both of which are
constant. Water is still a compressed liquid at this state since it has not started to
vaporize. As more heat is transferred, the temperature keeps rising until it reaches
100°C (state 2, Fig. 10-7). 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.

State ]

|
=1 atm
T=20°C

o L

Figure (10-6): At 1 atm and 20°C, Figure (10-7): At 1 atm pressure and
water exists in the liquid phase 100°C, water exists as a liquid that is

(compressed liquid). ready to vaporize (saturated liquid).
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10-4 Saturated Vapor and Superheated Vapor

Once boiling starts, the temperature stops rising until the liquid is completely

vaporized. That is, the temperature will remain constant during the entire phase-change
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This can easily be verified by placing a || I
thermometer into boiling pure water on top of

a stove. At sea level (P =1,m), the thermometer

will always read 100°C if the pan is uncovered ~ Figure (10-8): As more heat is transferred,

or covered with a light lid. During a boiling ~ Partof the saturated liquid vaporizes

) ) (saturated liquid—vapor mixture).
process« the only change we will observe is a
large increase in the volume and a steady
decline in the liquid level as a result of more

liquid turning to vapor .
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+ Midway about the vaporization line (state 3, Fig. 10-8), the cylinder contains equal
amounts of liquid and vapor. As we continue transferring heat, the vaporization

process continues until the last drop of liquid is vaporized (state 4 < Fig. 10-9).
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# When all liquid is vaporized (state 4 < Fig. 10-9) the entire cylinder is filled with

vapor that is on the borderline of the liquid phase. Any heat loss from this vapor
will cause some of the vapor to condense (phase change from vapor to liquid). A
vapor that is about to condense is called a saturated vapor.
Therefore, state 4 is a saturated vapor state. A substance at states
between 2 and 4 is referred to as a saturated liquid—vapor mixture
since the liquid and vapor phases coexist in equilibrium at these
states.
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Figure (10-9): At 1 atm pressure, the
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temperature remains constant at 100°C

until the last drop of liquid is vaporized

(saturated vapor).

One the phase-change process is completed, we are back to a single phase region again
(this time vapor), and further transfer of heat results in an increase
in both the temperature and the specific volume (Fig. 10-10). At

state 5, the temperature of the vapor is, let us say, 300°C; and if we

transfer some heat from the vapor, the temperature may drop

somewhat but no condensation will take place as long as the

temperature remains above 100 °C for (P =1 atm).

Ml

Figure (10-10): As more heat is
transferred, the temperature of the vapor

starts to rise (superheated vapor).
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A vapor that is not about to condense (i.e., not a saturated vapor) is called a
superheated vapor. Therefore, water at state 5 is a superheated vapor. This constant-
pressure phase-change process is illustrated on a T-v diagram in Fig. (10-11). If the
entire process described here 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. In

Saturated

- our daily life, water implies liquid water

and steam implies water vapor. In

thermodynamics, however, both water

and steam usually mean only one thing:
H-0.

Figure (10-11): T-v diagram for the heating process

of water at constant pressure.
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