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3.5. Properties

In order to analyze real-world systems, we must be able to relate describe the properties and the relation
between the properties of systems. In this section we examine how properties are presented and how they’re
related for a few important classes of materials. First, however, we must define a few terms:

• The phase of a substance has homogeneous chemical composition and physical structure. The three
phases of matter are solid, liquid, and vapor.

• A pure substance is one that is uniform and invariable in chemical composition. A pure substance
can exist in more than one phase, but all of the phases must have identical chemical compositions.

• A simple, compressible system is one in which electrical, magnetic, surface tension, gravitational,
and motion e↵ects are negligible. Systems consisting of pure water or uniform mixtures of non-
reacting gases are examples of simple, compressible systems. The state principle states that any
two independent intensive thermodynamic properties will uniquely define the system’s state. If ad-
ditional e↵ects are significant, e.g., gravitational forces and accelerations, then additional properties
are required, e.g., elevation and velocity.

p - v -T Diagrams

For simple, compressible systems, we can show the relationship between pressure, specific volume, and tem-
perature in (3D) p - v -T diagrams (Figures 3.12 and 3.13). It’s most convenient, however, to show (2D)
projections of these diagrams onto the p -T , p - v, and T - v planes. Please refer to the following two figures
in the following discussion of the important features of these diagrams.

• Three single-phase regions can be identified on the plots: solid, liquid, and vapor.
– The state in these regions is fixed by two independent properties, e.g., (p, v), (p, T ), or (v, T ).
– Above a critical pressure, temperature, and specific volume, known as the critical point, the

di↵erence between liquid and vapor is no longer discernible. The properties at the critical point
are referred to as critical properties. Values for the critical pressure and temperature may often
be found in the back of textbooks (e.g., Table A-1 in Moran et al., 8th ed.) or online.

• Three two-phase regions in which two phases exist in equilibrium can also be identified in the plots.
These regions correspond to solid-vapor, solid-liquid, and liquid-vapor.

– These regions correspond to situations involving melting or freezing (transition from solid to
liquid or liquid to solid, respectively); vaporization (boiling – turning to vapor by increasing
the temperature while holding pressure constant, or cavitation – turning to vapor by decreasing
the pressure while holding the temperature constant) or condensation (transition from vapor
to a liquid); and sublimation (transition from a solid to a vapor).

– In these two-phase regions, the pressure and temperature are not independent. Hence, to define
a state we need the specific volume, v, and either the pressure or the temperature, (p or T ).

• A single three-phase line, along which solid, liquid, and vapor exist in equilibrium. This line is
referred to as the triple line.

• The state at which a phase change begins is known as a saturation state.
– The two-phase (liquid-vapor) dome-shaped region is known as the vapor dome.
– The lines bordering the vapor dome are known as the saturated liquid and saturated vapor

lines.
– The point at the top of the dome is known as the critical point, which is at the critical temper-

ature, Tc, and critical pressure, pc, and critical specific volume, vc. The critical temperature is
the maximum temperature at which liquid and vapor phases can co-exist in equilibrium.

• The projection of the p - v -T diagram onto the p -T plane is known as a phase diagram.
– The two-phase regions are projected as lines in this view.
– The saturation temperature is the temperature at which a phase change takes place at a

given pressure. The corresponding pressure is known as the saturation pressure. For each
saturation pressure there is a unique corresponding saturation temperature, hence, T and p
are not independent during a change of phase.

– The triple line projects to the triple point in a phase diagram.
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Figure 3.12. p - v -T surface and projections for a substance that expands on freezing. (a)
3D view, (b) phase diagram, (c) p - v diagram. Figure 3.2 from Moran et al., 7th ed.

– The triple point of water occurs at 273.16K and 0.6113 kPa (abs).
– For a substance that expands on freezing, e.g., water, the solid-liquid phase line tilts toward the

left. For a substance that contracts upon freezing, the solid-liquid saturation line tilts toward
the right.

• The projection of the p - v -T diagram onto the p - v plane is also useful (Figure 3.14).
– Lines of constant temperature are referred to as isotherms.
– For T < Tc, the pressure remains constant in the two-phase regions along an isotherm. In the

single-phase regions along an isotherm, the pressure decreases with increasing v.
– The isotherm is at an inflection point when passing through the critical point.

• The projection of the p - v -T diagram onto the T - v plane is frequently used (Figure 3.15).
– Lines of constant pressure are known as isobars.
– The temperature remains constant with pressure along an isobar in the two-phase region.
– In the single-phase regions, the temperature increases with increasing specific volume along an

isobar.
– For pressures greater than the critical pressure, the temperature increases continuously with

increasing specific volume along an isobar.

The p - v -T sketches shown in the previous figures are distorted from what they actual plots look like.
Figure 3.16 shows an example of a p - v plot for water drawn to scale. Note the use of logarithmic axes.
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Figure 3.13. p - v -T surface and projections for a substance that contracts on freezing. (a)
3D view, (b) phase diagram, (c) p - v diagram. Figure 3.2 from Moran et al., 7th ed.

Figure 3.14. Sketch of a p - v plot.
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Figure 3.15. Sketch of a T - v plot.

Figure 3.16. A p - v plot for water. Note the logarithmic scales.

Now consider the T - v projection more closely and, specifically, the region near the vapor dome as shown in
Figure 3.17.

• The phase of a substance to the left of the vapor dome is known as a liquid, subcooled liquid, or
compressed liquid (CL).

– Point “l” in the figure is in this liquid region.
– The term “subcooled” refers to the fact that along an isobar, the temperature is too low for

the substance to be a vapor.
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Figure 3.17. Sketch of a T - v diagram. Figure 3.3 from Moran et al., 7th ed.

– The term “compressed” refers to the fact that at a given temperature, the pressure is larger
than the pressure required to reach the saturation state. The pressure increases moving upward
and toward the left across the isobars.

• The phase of a substance to the right of the vapor dome is known as a superheated vapor (SHV).
– The term “superheated” refers the fact that the temperature is larger than what would be

required to reach a liquid-vapor saturation state along a given isobar.
– Point “s” is in the superheated vapor region.

• Within the vapor dome (the two-phase, or saturated (S) region), both liquid and vapor can exist in
equilibrium. In order to specify how much of the substance is in liquid form versus vapor form, we
define the quality of the mixture, x, which is the mass fraction of vapor at a given state, i.e., how
much of the total mass is vapor. We’ll come back to this term a little later. For now, it’s su�cient
to know that, from the definition of quality, a quality of zero corresponds to a saturated liquid (no
vapor) while a quality of one corresponds to a saturated vapor (all vapor). Similar parameters can
be defined for two-phase regions consisting of solid-vapor and solid-liquid.

• There are three similar sounding terms used frequently in the two-phase region, but each of these
terms represents a di↵erent thing:

– saturated liquid: In this phase, the state is on the saturated liquid line, i.e., at the left edge of
the saturated phase, which means it’s 100% liquid, i.e., it has a quality of zero.

– saturated vapor: In this phase, the state is on the saturated vapor line, i.e., at the right edge
of the saturated phase, which means it’s 100% vapor, i.e., it has a quality of one.

– saturated: In this phase, the substance contains both liquid and vapor. The state is within the
vapor dome. The quality for a saturated substance is between zero and one.

Although the property plots are helpful for qualitatively understanding the relationship between properties
and phases of a substance, they’re not particularly useful for quantitative analysis. Fortunately, tables (and
computer databases – see for example http://webbook.nist.gov/chemistry/fluid/ have been prepared
that provide quantitative values for the relationship between properties.

Figure 3.18 highlights the saturation (liquid-vapor) region in a T - v diagram. The properties corresponding
to this region for water are given in Figure 3.19 as two tables. Recall that the pressure and temperature are
related in this two-phase region. Thus, there is a unique temperature, known as the saturation temperature,
at each pressure, known as the saturation pressure. The di↵erence between the two tables is that one is
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ordered according to convenient temperature increments (top table) while the other is ordered by convenient
pressure increments (bottom table).

Figure 3.18. A sketch of a T - v diagram highlighting the region under the vapor dome
corresponding to the saturation properties.

Figure 3.19. Example table for the saturation properties for water organized by tempera-
ture (top) and pressure (bottom). These tables are from Moran et al., 7th ed.

At each saturation temperature and pressure, the tables provide the specific volume and other properties
(specific internal energy, specific enthalpy, and specific entropy) at saturated liquid and saturated vapor
conditions. The actual properties of the water will lie somewhere between or equal to the saturated liquid
and saturated vapor conditions when the water is in a saturated state, e.g., vsat. liquid  v  vsat. vapor.
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What the actual property values are depends on the quality of the water (the mass fraction of vapor in the
two-phase mixture), a topic to be discussed later.

Figure 3.20 presents super-heated vapor phase region in a T - v plot. Example properties for water in this
region are given in Figure 3.21. Recall that the pressure and temperature are independent in this single-phase
region and, thus, the table entries are organized based on a given pressure and range of temperatures. For
each pressure, the saturation temperature (the temperature at which the vapor touches the vapor dome along
the saturated vapor line) is also reported.

Figure 3.20. A sketch of a T - v diagram highlighting the super-heated vapor region.

Figure 3.21. Example table for the superheated vapor (SHV) properties for water. This
table is from Moran et al., 7th ed.

Figure 3.22 presents the compressed liquid phase region in a T - v plot. Example properties for water in this
region are given in Figure 3.23. Recall that the pressure and temperature are independent in this single-phase
region and, thus, the table entries are organized based on a given pressure and range of temperatures. For
each pressure, the saturation temperature (the temperature at which the liquid touches the vapor dome along
the saturated liquid line) is also reported.
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In what phase (liquid, saturated, vapor, etc.) is water for the following conditions? 
a. T = 24 °C, p = 0.1 bar (abs) 
b. p = 4 bar (abs), T = 180 °C 
c. p = 20 bar (abs), v = 0.01 m3/kg 
d.  T = 30 °C, p = 0.04246 bar (abs) 
e. T = 30 °C, v = 1.0043*10-3 m3/kg 
f. p = 25 bar (abs), v = 0.07998 m3/kg 
 
 
SOLUTION: 
a. T = 24 °C, p = 0.1 bar (abs) 

Using Table A.2 (attached to the end of this example), at T = 24 °C, psat = 0.02985 bar (abs).  Since p > psat, 
the water will be in a compressed liquid phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. p = 4 bar (abs), T = 180 °C 

Using Table A.3 (attached to the end of this example), at p = 4 bar (abs), Tsat = 143.6 °C.  Since T > Tsat, the 
water will be in a superheated vapor phase. 

 
 
 
 
 
  

v 

T 

24 °C 

p = 0.02985 bar 

p = 0.1 bar 

v 

p 

T = 180 °C 

T = 143.6 °C 

4 bar 
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c. p = 20 bar (abs), v = 0.01 m3/kg 

Using Table A.3 (attached to the end of this example), at p = 20 bar (abs), vsat liquid = 1.1767*10-3 m3/kg and 
vsat vapor = 0.09963 m3/kg.  Since vsat liquid < v < vsat vapor, the water will be in a saturated (i.e., two phase) 
phase.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
d.  T = 30 °C, p = 0.04246 bar (abs) 

Using Table A.2 (attached to the end of this example), at T = 30 °C, psat = 0.04246 bar (abs).  Since p = psat, 
the water will be in a saturated (two-phase) phase. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

v 

p 

0.01 m3/kg 

20 bar 

 vsat vapor  vsat liquid 

 Tsat = 212.4 °C (Table A.3) 

v 

T 

30 °C 

p = 0.04246 bar 

We don’t know where the state is within the 
vapor dome without knowing more 
information, e.g., the quality or specific 
volume. 
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e. T = 30 °C, v = 1.0043*10-3 m3/kg 

Using Table A.2 (attached to the end of this example), at T = 30 °C, vsat liquid = 1.0043*10-3 m3/kg.  Since v = 
vsat liquid, the water will be in saturated liquid phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f. p = 25 bar (abs), v = 0.07998 m3/kg 

Using Table A.3 (attached to the end of this example), at p = 25 bar (abs), vsat vapor = 0.07998 m3/kg.  Since v 
= vsat vapor, the water will be in a saturated vapor phase.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

v 

T 

30 °C 

psat = 0.04246 bar (from Table A.2) 

vsat liquid 

v 

p 

25 bar 

 vsat vapor 

 Tsat = 224.0 °C (Table A.3) 
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Figure 3.22. A sketch of a T - v diagram highlighting the compressed liquid region.

Figure 3.23. Example table for the compressed liquid (CL) properties for water. This
table is from Moran et al., 7th ed.

3.5.1. Linear Interpolation

In order to save space, the properties in the tables are listed in coarse increments, e.g., increments of 2.5MPa
and 20 or 40 °C. To approximate property values between the ones stated in the tables, we can use linear
interpolation. Linear interpolation is the process of estimating the values of a property assuming a linear
relationship between neighboring data points. Hence, to estimate the value of a property P at a value V
given the property’s values at neighboring points VS and VL, corresponding to points in the table just smaller
than and larger than the value V of interest, we can use the equation of a line (Figure 3.24),

P � PS =

✓
PL � PS

VL � VS

◆
(V � VS) (3.50)

where PS and PL are the property values at VS and VL, respectively.
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What is the specific volume of compressed liquid water at 5.0 MPa (abs) and 60 °C?

 

 
 
 
SOLUTION: 
Since there is no specific volume data at 60 °C at 5.0 MPa in Table A-5 shown below, we can approximate the 
specific volume at 60 °C using linear interpolation, 

, (1) 

where 
v40 °C = 1.0056*10-3 m3/kg 
v40 °C = 1.0268*10-3 m3/kg 
T40 °C = 40 °C 
T60 °C = 60 °C 
T80 °C = 80 °C 
Þ n60 °C = 1.0162*10-3 m3/kg 
 

 
(Table from Moran et al., 7th ed.) 

 
 
 

v
60 oC

− v
40 oC

=
v

80 oC
− v

40 oC

T
80 oC

− v
40 oC

⎛

⎝
⎜

⎞

⎠
⎟ T

60 oC
−T

40 oC( )

 
(From Moran et al., 7th ed.) 
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What is the specific internal energy of compressed liquid water at 3.0 MPa and 60 °C? 
 
 
SOLUTION: 
For this case, there is no table entry for either 3.0 MPa or 60 °C so we must linearly interpolate with respect to both 
temperature and pressure (called bilinear interpolation), 

, (1) 

, 

, 

where, 
u2.5 MPa, 40 °C = 167.25 kJ/kg 
u2.5 MPa, 80 °C = 334.29 kJ/kg 
u5.0 MPa, 40 °C = 166.95 kJ/kg 
u5.0 MPa, 80 °C = 333.72 kJ/kg 
T2.5 MPa, 40 °C = T5.0 MPa, 40 °C = 40 °C 
T2.5 MPa, 60 °C = T5.0 MPa, 60 °C  = 60 °C 
T2.5 MPa, 80 °C = T5.0 MPa, 80 °C  = 80 °C 
p2.5 MPa, 60 °C = 2.5 MPa 
p3.0 MPa, 60 °C = 3.0 MPa 
p5.0 MPa, 60 °C = 5.0 MPa 
Þ u2.5 MPa, 60 °C = 250.77 kJ/kg, u5.0 MPa, 60 °C = 250.34 kJ/kg Þ u3.0 MPa, 60 °C = 250.68 kJ/kg 

Note that the same result would be achieved if we interpolated first with respect to pressure and then with respect to 
temperature. 
 

 
(Table from Moran et al., 7th ed.) 
 

u
2.5  MPa,60  oC

− u
2.5  MPa,40 oC

=
u

2.5  MPa,80  oC
− u

2.5  MPa,40 oC

T
2.5  MPa,80  oC

−T
2.5  MPa,40 oC

⎛

⎝
⎜

⎞

⎠
⎟ T

2.5  MPa,60 oC
−T

2.5  MPa,40 oC( )

u
5.0  MPa,60  oC

− u
5.0  MPa,40 oC

=
u

5.0  MPa,80  oC
− u

5.0  MPa,40 oC

T
5.0  MPa,80  oC

−T
5.0  MPa,40 oC

⎛

⎝
⎜

⎞

⎠
⎟ T

5.0  MPa,60 oC
−T

5.0  MPa,40 oC( )

u
3.0  MPa,60  oC

− u
2.5  MPa,60 oC

=
u

5.0  MPa,60  oC
− u

2.5  MPa,60 oC

p
5.0  MPa,60 oC

− p
2.5  MPa,60 oC

⎛

⎝
⎜

⎞

⎠
⎟ p

3.0  MPa,60 oC
− p

2.5  MPa,60 oC( )

 
(From Moran et al., 7th ed.) 
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Figure 3.24. Schematic showing how to linearly interpolate a property value.

3.5.2. Quality

Recall that Figure 3.19 presented two tables for saturated water properties (aka, water in two-phase, liquid-
vapor equilibrium along the saturated liquid and the saturated vapor lines). The pressure and temperature
are uniquely related in this two-phase region (and along the saturated liquid and vapor lines). The top table
(Table A-2) presents the property data organized according to temperature while the bottom table (Table
A-3) presents the same data organized according to pressure. The subscripts “f” and “g” in the table refer
to “fluid” and “gas”, which is a historical notation. It is better to refer to the properties as being either at
the saturated liquid state (subscript “f” in the table) or in the saturated vapor state (subscript “g” in the
table). Similar tables exist for two-phase solid-liquid and solid-vapor.

Within the two-phase liquid-vapor region (i.e, the vapor dome), the fraction of mass that is vapor is given
by the quality, x, which is defined as,

x :=
mv

ml +mv
(3.51)

where mv and ml are the masses of vapor and liquid, respectively. Note that the fraction of mass that is
liquid is,

ml

ml +mv
=

ml +mv �mv

ml +mv
=

ml +mv

ml +mv
� mv

ml +mv
= 1� x (3.52)

Hence, a quality of zero corresponds to a saturated liquid (all liquid, mv = 0) while a quality of one corre-
sponds to a saturated vapor (all vapor, ml = 0). The quality can be used to determine the value of properties
within the two-phase region, given the saturated liquid and saturated vapor properties. For example, the
specific volume of a mixture (subscript “m”) of liquid (subscript “l”) and vapor (subscript “v”) in equilibrium
(i.e., in the vapor dome), assuming the quality x is known, is,

Vm = Vl + Vv (3.53)

vm =
Vm

mm
=

Vl + Vv

mm
=

Vl

mm
+

Vv

mm
(3.54)

where Vm is the total volume of the mixture. The quantity mm is the total mass of the mixture, i.e.,
mm = ml +mv. Hence,

vm =
Vl

ml +mv
+

Vv

ml +mv
=

mlvl
ml +mv

+
mv + vv
ml +mv

=

✓
ml

ml +mv

◆
vl +

✓
mv

ml +mv

◆
vv (3.55)

where the volume is related to the specific volume via V = mv. Making use of Eqs. (3.51) and (3.52),

vm = (1� x) vl + xvv (3.56)

Thus, the specific volume of a mixture of liquid and vapor can be thought of as the specific volume of the
saturated liquid multiplied by its mass fraction ((1 � x)vl) plus the specific volume of the saturated vapor
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