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Pure Substance 

• Pure Substance: a substance that has a homogenous and invariable 
chemical composition.  

• It may have different phases but with the same chemical composition. 

• Examples: water though it might exist as ice, liquid or vapor. Other 
examples include ammonia, nitrogen, and helium. 

•  Some time a mixture of gases, such as air is considered a pure 
substance as long as it remains in the gaseous phase. Since liquid air 
has different composition than gaseous air, as oxygen condenses first. 
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Properties of a pure substance 
• In this chapter the properties of pure substances will be explained 

and how to determine such properties.  

• It will include the properties in different phases and the equilibrium 
between the phases.  

• Properties will include temperature, pressure, and specific -volume, 
more properties will be discussed in the coming chapters. 

•  Emphasis will be on properties of water, refrigerants and ideal gases. 

• Temperature and volume diagrams and their use will be explained 
also in this chapter. 
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Vapor – liquid equilibrium 
• Water contained in a frictionless piston is heated at constant pressure 

of 0.1 MPa, the specific volume will increase as the temperature is 
increased until it reaches the boiling point B in figure 3.3 p.42. 
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Saturation condition 

• Point B is known as saturation condition, 
the temperature is called the saturation 
temperature and the pressure is called 
the saturation pressure. 

• The water liquid is known as saturated 
liquid. 

• The temperature remains constant at the 
saturation temperature and the liquid 
starts evaporating into vapor as long as 
the pressure is fixed. The vapor formed 
at this condition is known as the 
saturated vapor. 

• As more heat is added the liquid 
evaporated at constant temperature 
while the specific volume increases, until 
point c where all liquid becomes vapor. 
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Saturation condition 

• saturated temperature is the temperature at which vaporization 
takes place at a given pressure known as the saturation 
pressure. 

•  Saturation condition is the condition where two or more 
phases coexist together in equilibrium. Any phase of the 
substance existing under such condition is called saturated 
phase. 

• The liquid formed at this condition is known as the saturated 
liquid while the formed vapor is known as saturated vapor. 
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Quality 
• At point B in figure 3.3 all substance exists as saturated liquid. At point C all 

substance exists as saturated vapor.  

• In between point B and C there is a mixture of saturated liquid and vapor.  

• In this saturation region the mixture is specified by using the term called 
quality. 

• Quality is defined as the ratio of the vapor mass to the total mass of the 
mixture, and the symbol, x, is used. 

 x = mass of vapor/ total mass of mixture. 

• Quality is zero at point B and equal to one at point C,  

    at point C steam is called dry steam 
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Subcooled liquid 

• Sub-cooled liquid or compressed 
liquid: the substance existing as liquid 
lower than the saturation 
temperature at the given pressure. 
For example water below 99.6oC 
when pressure is one atmosphere. 

• Water between A and B  at 0.1 MPa in 
figure. 
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Superheated vapor 

• Superheated vapor: when vapor is at a 
temperature above the saturation 
temperature at the given pressure it is 
called superheated vapor.  

• For example water at 120 oC and 0.1 MPa 
, see point D in figure 3.3 .  

• Pressure and temperature of 
superheated vapor are independent, that 
is to say temperature might change while 
pressure is held constant 
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Saturation temperature and pressure 

• Vapor- liquid saturation curve, 
in the saturation region there is 
a definite relation between the 
saturation temperature and the 
saturation pressure, hence if 
pressure is given then the 
saturation temperature is 
specified for example water at 
0.1 MPa has a saturation 
temperature of 99.6 oC.  

• Figure 3.2 gives an example of 
such relation. 
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Critical point 
• Heating water at various constant 

pressures, will produce similar curves, 
know connecting the points of saturated 
liquid together and the point of saturated 
vapor together will produce a curve that 
has a maximum point  such as point N in 
figure 3.3. this point is know as the critical 
point. 

• Above critical point we cannot distinguish 
between the liquid and vapor phases and 
the substance is known as fluid.  

• The temperature is known as the critical 
temperature while the pressure is the 
critical pressure 
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Critical point 

• Each substance has a unique critical point  

• Typical points are given in table 3.1 and more are given in table A.2 in 
the appendix. 
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Three regions 

• Two curves 

• Saturated liquid curve ( B-F-J-N) 

• Saturated vapor curve ( C-G-K-N) 

• 3 regions 

• Subcooled liquid region 

• Saturation region 

• Superheated vapor region 
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Constant lines ( Iso- lines) 

• a constant pressure line or isobar 
such as line A-B-C-D 

• a constant temperature of 
isothermal line  (horizontal)  

• a constant specific volume line ( a 
vertical line). 
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Solid liquid equilibrium 
• Melting or freezing temperature of a substance depends on the 

pressure such conditions are also called saturation conditions.  

• For most substances freezing temperature increases as the pressure is 
increased, positive slope of the saturation curve.  

• For water and other substances which expand on freezing, increasing 
the pressure lowers the freezing temperature, a negative slope of the 
saturation curve (pressure versus temperature). 
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Solid –vapor equilibrium 

• For most substances (except helium) 
there is some pressure below which 
liquid cannot exist. Below this 
pressure the solid and vapor phases 
can coexist together while liquid 
phase does not exist.  

• The solid is transformed into vapor 
directly, and this process is known as 
sublimation. The saturation curve is 
known as the sublimation curve, see 
figure 3.4. 
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Triple point 
• The point at which three phases 

( solid, liquid, vapor) coexist 
together is known as the triple 
point 

• For water this point has 
temperature of 0.01 oC , 
pressure of 0.6113 kPa , table 
3.2 shows some triple points for 
some substances 
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Phase diagram 
• A phase diagram is a graphical way to summarize the equilibria between 

the different states of matter. 
• The phase diagram is plot of pressure versus temperature showing all 

equilibrium curves and phases, and fixed points.  
• Phase diagram of figure 3.4 note the following: the solid phase, liquid 

phase , vapor phase, solid to liquid transformation,  
  liquid to vapor transformation, solid to vapor  
  transformation, sublimation curve fusion or  
 melting line, evaporation line, the critical  
 point , and the triple point, also the slope  
 of the fusion line. 
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Phase diagram 
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Allotropic transformation 
• It is a transition from 

one solid phase to 
another solid phase e.g. 
see figure 3.6 for water. 

 

Uploaded By: Mohammad AwawdehSTUDENTS-HUB.com



Independent properties of pure substance 

• The state of pure substance is specified by the value of two 
independent properties.  

• For example in the subcooled or superheated regions may use: (v,T), 
(P,T), (P,v).  

• In the saturation region such as liquid vapor mixture cannot use (T,P) 
since those are dependent properties, but may use (T,v) or (P,v). 

• Air can be treated as pure substance and its state can be specified by 
value of two properties as long as it is in the gaseous phase, for 
example (T,P) or (T,v) , or (P,v). 
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Equation of state 

• A relationship between the thermodynamic properties at a given 
state e.g P = f(T,V) is known as equation of state. 

• Such relationship could be simple with one constant such as the ideal 
gas equation or complex with many constants such as the Benedict-
Webb-Rubin equation with 8 constants. 

• Examples of equation of state: 

• Ideal gas equation 

• Real gas or compressibility factor 

• Benedict-Webb-Rubin equation  
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Ideal gas  

• Many gases can be treated as ideal gases at certain conditions,  

• in general ideal gas can be assumed for gases at low pressure or low 
density.  

• Assumptions involved in ideal gas equation are, 

• neglecting intermolecular forces 

• neglecting volume occupied by molecules 

•  such assumptions are true for low density. 
𝜌 = 𝑃/𝑅𝑇 mRTPV   

where P is pressure, V is the volume, m is the mass and T is the absolute temperature 
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Ideal gas  

 

• where n is the number of moles and     is the universal gas constant 
which has the value of 8.3134 kg/kg-mole.K and it is the same for all 
gases while the gas constant R depends on the type of gas, and those 
are related as, 

 

     and M is the molecular weight of the gas. 

• Ideal gas equation can be written per unit mass ( specific volume) as 

 

TRnPV 

R

MRR /

PRTv /
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Ideal gas 

• Make sure state is in the gaseous phase or superheated vapor. 
If compressed liquid or in saturation region cannot assume 
ideal gas. 

• When to assume ideal gas: 

• If pressure is much lower than critical regardless of 
temperature, 

• At high temperature greater than twice the critical 
temperature even if pressure  is as high as 4 times critical 
value. 
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Example ideal gas 

• Air in an automobile tire is initially at −10°C and 190 kPa. After the 
automobile is driven awhile, the temperature gets up to 10°C. Find 
the new pressure. assuming constant volume? 

 

 𝑚 =
𝑃1𝑉1

𝑅𝑇1
=

𝑃2𝑉2

𝑅𝑇2
 

 

 P2 = P1 × T2/T1   

 P2= 190 × 283.15263.15 = 204.4 kPa   
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Real gas equation 

• The real gas or non-ideal gas is characterized by a compressibility 
factor, z, which is defined as 

 

• equation may be written as 

 

• the compressibility factor is a function of temperature and pressure 
and usually is determined experimentally. See figure 3.7 p.49 for a 
typical figure for the nitrogen.  

• For ideal gas z=1=Pv/RT 

RTPvz /

zRTPv 
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Compressibility factor for  Nitrogen 
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Generalized Compressibility  
• It is found that if such factor is plotted versus a reduced pressure and 

reduced temperature then a single graph can be used for all gases 
and as such it is known as a generalized compressibility chart. 

•  Reduced pressure is the pressure divided by the critical pressure 
similarly reduced temperature is temperature divided by critical 
temperature. 

• Pr=P/Pc, Tr=T/Tc   note T absolute degrees Kelvin 

• An example of such graph is shown in figure D.1 page 763 in the 
appendix.  
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Example 

• Find z for propane gas at room 
conditions ( 101 kPa, 293 K).  

• From Table A.2 Pc = 4250 kPa,     
Tc = 370 K  

• The reduced properties:  

 Pr = 101/4250 = 0.024,  

 Tr = 293l370 = 0.792 

•  From Fig. D.1: Z = 0.98  

• Can be assumed ideal gas. 
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Equation of state 

• van der Waals equation 

 

 

• Beattie-Bridgeman equation 

 

 

( P + a / Vm2 )( Vm - b ) = R T  

P = pressure Vm = molar volume R = ideal gas constant T = temperature  

P = R T d + ( B R T - A - R c / T2 ) d2 + ( - B b R T + A a - R B c / T2 ) d3 + R B b c d4 / T2  

P = pressure R = ideal gas constant T = temperature d = molal density a, b, c, A, B = 

empirical parameters  
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P-v-T surfaces 

T-v diagram 
P- T diagram 
P-v diagram 
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Thermodynamic Tables 

• State of pure substance is specified by the value of its properties. 

• Properties are related to each other by some state relationship, the 
ideal gas, real gas and Beatie-Bridgeman equations are some 
examples of such equations.  

• Thermodynamic tables present properties of pure substances at 
various states.  

• Thermodynamic tables are obtained from some complex equation of 
state such as the Beatie- Bridgeman equation.  

• Examples of thermodynamic tables include steam tables, and tables 
of various refrigerants. 
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Steam tables 

• The state and properties in the table is specified by two independent 
properties,  

• Targeted properties; temperature, pressure and specific volume while 
other properties will be added on in the next chapters.  

• water contains three regions, sub-cooled liquid, saturation region and 
the superheated vapor, hence each region will be presented in a 
separate table. In addition to the sublimation equilibrium. 
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Steam tables 

• All thermodynamic tables are included in the appendices, starting in 
appendix B.  

• The first tables are for water, then the refrigerants, for example table 
B.1.1 SI is the one for water in the saturation region and in the SI 
units. 
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Table B.1.1.SI  Saturated water- temperature table 

• This table includes the saturation temperature as the first column in 
oC and the corresponding saturation pressure in kPa or MPa in the 
second column, and the specific volumes in columns 3 , 4, and 5 in 
the 4 units of m3/kg. 

•  The table starts from the triple point of water at .01 oC and goes up 
to the critical point of the water at 374oC.  
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Saturation temperature and pressure 

https://www.chegg.com/homework-help/definitions/steam-tables-5 Uploaded By: Mohammad AwawdehSTUDENTS-HUB.com
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Examples 

• For example at 10 oC the saturation pressure is 1.2276 kPa,  

• similarly at 100 oC the saturation pressure is 101.3 kPa which is the 
boiling point of water at standard atmospheric pressure. 

• Question: find the saturation pressure at 70 oC, 270 oC and 374.1 oC, 
comment on the relation between the saturation pressure and the 
temperature. 

•  at 70  31.19 kPa 

• At 270  5498 kPa 

• At 374.1     22.088 MPa 
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Table B.1.2.SI  Saturated water- pressure entry 

• This table contains the same data in the previous table, but its first 
column is the saturated pressure and not the saturated temperature 
as in the previous table. 

•  Here, also the table starts at the triple point ( 0.6113 kPa ) and 
extends to the critical point at 22.09 MPa.  

• Example: determine the saturation temperature of saturated liquid 
and saturated vapor at 100 kPa? 

•  From the table at 100 kPa the saturated temperature is 99.6 oC and  
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Table B.1.2.SI  Saturated water- pressure entry 
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Specific volume 
• In the saturation region which this table represents; saturated liquid 

and saturated vapor exist at the same time.  

• The specific volumes in this table include the specific volume for 
saturated liquid vf, specific volume for saturated vapor, vg and the 
change of specific volume during evaporation vfg . Note that vfg equals 
vg - vf  
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Two –phase states 

• In the saturation region the property of the mixture (liquid and vapor) 
is given in term of the quality, x, and the properties of the two phases 
as follows: 

 z = zg .x + (1-x).zf 

 or    

 z = zf + x zfg 

 or 

 z = zg-(1-x).zfg 

 Subscript, f, indicates saturated liquid phase, and, g, saturated 
 vapor phase. 
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Specific volume -two phase 

• When this relation is applied to the specific volume it gives, 

 v = x.vg + (1-x) vf = vf +x . Vfg 

• Example; find specific volume for saturated water at 200oC with 70% 
quality ? 

• From table B.1.1.SI at  200 oC  

 vf = .001156 m3/kg 

 vg = 0.12736 and vfg = 0.12620 m3/kg 

• Using the above equation 

 v = 0.70(0.12736) + 0.3 (0.001156) = 0.089152 m3/kg  
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Example specific volume 

• Find the specific volume of saturated liquid and saturated water 
vapor at 80oC ? 

•  From table B.1.1.SI  ( p.664) at T sat = 80 oC the specific volumes are, 

 vf = 0.001029 m3/kg 

 vg =  3.40715 m3/kg 

 vfg = 3.40612 m3/kg note that vfg equals vg - vf . 
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Example specific volume 
• Saturated water at 10MPa and 60% quality, determine the specific 

volume and the saturation temperature? 

•  From table B.1.2.SI at 10 MPa 

• Tsat = 311.06 oC 

• vf = .001452 m3/kg 

• vfg = .01657 m3/kg 

•  Then  v = vf + x. vfg = 0.001452 + 0.6(.01657) =  0.009942    m3/kg     
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Saturated water at 10MPa  
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Questions 

• Question1: for saturated water at 180 oC, determine the saturation 
pressure and the specific volumes of saturated liquid and saturated 
vapor? Show the above value on a T-v diagram. 

• Question2: for saturated water at 374.1 oC, find the saturated liquid 
and saturated vapor specific volumes? Comment on the found values? 
Locate the values on a T-v diagram. 

• Question: for saturated steam at 180 oC determine, the pressure, and 
specific volume? Show this state on a T-v diagram. 

•  Question: for saturated liquid water at 2000 kPa find the 
temperature, the specific volume and the quality? Show this state on 
a T-v diagram. 
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Table B.1.3.SI Superheated Vapor Water 
• This table presents the water properties in the superheated vapor region.  

• In this region temperature and pressure are independent.  

• Properties are given for each isobar (constant pressure) and for various 
temperatures, starting from the low of 10 kPa to a pressure of 60 MPa.  

• The first temperature at a given pressure is the saturation temperature 
indicated as sat. in the first column of the table.  

• This temperature represents the saturation temperature at the given 
pressure and it is given in brackets next to the pressure. For example at 10 
kPa such value is 45.81 oC , this can be checked in table B.1.2.SI.  
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Example: superheated vapor 

• Find the specific volume for the following states of superheated 
vapor: (800oC, 200kPa), (400 oC, 1000kPa), and (1000 oC, 40 MPa)? 

•  Solution: 

• From table B.1.3.SI: 

• For  800oC, 200kPa  v = 2.47539 m3/kg 

• For  400 oC, 1000kPa  v = 0.30659 m3/kg 

• For  1000 oC, 40 MPa   v = 0.014324 m3/kg. 
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Table B.1.4.SI Compressed Liquid Water 
• In this table properties of compressed or sub-cooled water are 

included.  

• The table is arranged in similar to the superheated vapor table, where 
properties are given for various temperatures along a given pressure 
or isobar.  

• Similarly to previous table first temperature at a given pressure is the 
saturation temperature and its value is placed in brackets next to the 
pressure. 

•  Note that the table starts at pressure of 5 MPa, later you will be given 
how to deal with values less that 5 MPa for the compressed liquid 
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Compressed Liquid 
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Example: Liquid 

• Find the specific volume of water at 10000 kPa and 260 oC? 

•  Answer: Using table B.1.4.SI compressed liquid 

 v = 0.0012645 m3/kg. 
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Table B.1.5 SI Saturated Solid – Saturated Vapor Water 

• This table presents properties of water solid - vapor equilibrium or at the 
sublimation line.  

• Sublimation starts below the triple point, which has the value of 0.01 oC 
and 0.6113 kPa.  

• This table is similar to the saturated water in table B.1.1.SI the first column 
is the saturation temperature, the second column is the saturated pressure 
at the given temperature, then specific volume is given for the saturated 
solid as vi, for saturated vapor vg and for the evaporation vig.  

• Quality of mixture is defined in same way in the saturated liquid vapor, 
hence property of mixture will found using the same previous relations 
used in the saturated liquid vapor mixture. 
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 Saturated Solid—Vapor 
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Example: solid vapor 

• For saturated solid vapor at –10 oC determine the saturation pressure, 
specific volume of saturated solid and vapor? And the specific volume 
of the mixture if quality is 80%?  

• From table B.1.5.SI at –10 oC , 

 Psat = 0.2601 kPa 

 vi = 0.0010891 m3/kg 

 vg = 466.757 m3/kg 

 vig = 466.756 m3/kg 

 Then v = vi + x. vig =0.0010891+ 0.8(466.756)= 373.40589 m3/kg  
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Determining the phase of the substance at a given state 

• Given (T,P): when the state is specified by T,P  

• from the saturated table such as B.1.1.SI find the saturation pressure at the 
given temperature, then  

• compare it with the given pressure;  

• If the given pressure is greater than the saturation pressure as found from 
the table at the given temperature then the substance is compressed 
liquid.  

• If the given pressure is less than the saturation pressure then it is 
superheated vapor.  

•  Another approach is to  

• find the saturation temperature at the given pressure from the saturation 
table such as B.1.2.SI and  

• compare it with the given temperature;  

• If the given temperature is greater than the saturation temperature at the 
given pressure then it is superheated vapor,  

• if it is less then it is compressed liquid. 
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Determining the phase of the substance at a given state 

• Given (T,v), or (P,v): when the state is specified by (T,v) or (P,v) then 

• find from the saturation tables such as B.1.1.SI or B.1.2.SI the 
saturated liquid and saturated vapor specific volumes.  

• Now if the;  

• given specific volume is less than vf , then is compressed liquid,  

• if the given specific volume is greater than vg then superheated 
vapor, and  

• if it is between vf and vg then it is in the saturation region. 
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Example 1- Given T & P 

• Water at 260 oC, 5 MPa , find v? 

• From table A.1. at 260 oC   Psat = 4.688 MPa 

• Since P given > P sat       Then compressed liquid 

• Or from table A1.2 at 5 MPa T sat = 263.99 oC  since T sat < T given 
then subcooled or compressed liquid. 

• Now from table A.1.4 compressed liquid at 260 oC, 5 MPa                        
v = 0. 12749 m3/kg 

• Show all above on T-v and P-v diagrams. 
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Example-2 superheated vapor 

• Water at 150 oC , 0.1 MPa,  find v ? 

• At 150 oC  the  Psat = 0.4759 MPa which is less than given pressure of 
0.1MPa; hence superheated vapor. 

• At 0.1 MPa the saturation temperature is 99.9 oC which is less than 
the given temperature of 150 oC  then superheated vapor. 

• From superheated table A.1.3 at 0.1 MPa , 150 oC;  v= 1.9364 m3/kg. 

• Show above on T-v P-V diagrams. 
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Example-3 Saturation region 

• Water at 170 oC , v=0.20 m3/kg. Find pressure? 

• From table A.1.1 at 170 oC vf = 0.001114, v g =0.24283, vfg = 0.24171 

• Since  given specific volume between vf and vg it is in the saturation 
region and Pressure is the saturation pressure and equals 791.7 kPa  

• Quality = x = ( v-v f)/v f g = (0.20-0.001114)/(0.24161) = 0.823  

• Show on T-v diagram 
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Example-4: compressed liquid 

• Water at 5MPa, v= 0.001015 find T? 

• From table A.1.1 at 5 MPa 
vf =0.001286,  v g =0.03944 

Since v less than vf   then compressed liquid. 

From table A1.4 at 5MPa, v= 0.001015  T = 60oC 

Show on T-v diagram 
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Example-5 superheated vapor 
• Water at 200 oC , v=0.53422 m3/kg. Find pressure? 

• From table A1.1. at 200 oC ; 

 vf =0.001156,  v g =0.12736 

Since v is greater than v g  It is superheated vapor 

• From table A.1.3 at 200 oC , v=0.53422  read P = 400 kPa. 

• Show states on –T-v and P-v diagrams. 

Uploaded By: Mohammad AwawdehSTUDENTS-HUB.com



Finding the phase summary 

• If P given >P sat at given T           compressed liquid 

• If P given < P sat at given T           superheated vapor 

• If T given > T sat at given P        superheated vapor 

• If T given < T sat at given P          compressed liquid 

• If v < vf at given T or P           compressed liquid 

• If v >  vg at given T or P           superheated vapor 

• If  vf < v < vg at given T or P          saturation region 

• If temperature or pressure below the triple point, check for solid 
vapor equilibrium. For example water at -10 oC. 
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Approximation 

• If substance is compressed liquid but  state not found in table may be no such 
compressed table exist or pressure is below the first starting point, then  

• use the saturated liquid values at the given temperature for the required 
property e.g. v? 

 

• Example: water at 50 oC and 0.1 MPa is compressed liquid however the 
compressed table starts only at 5 MPa hence v = vf at 50

 = 0.001012m3/kg. 
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Interpolation 

• As the data in the tables is presented in discrete form for 
example every 10 o C for temperature then an 
interpolation is required for other data points not shown 
in the table.  

• A linear relationship is assumed for purpose of 
interpolation in the tables. The general form of the 
relation ship is in the form 

))(( 1

12

12
1 xx

xx

yy
yy 






where (x1,y1) and (x2,y2) are two state point in the table and (x,y) is the required 

point of interpolation 
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Example interpolation 

• Find the pressure of superheated ammonia at 40oC and v = .1494 m3/kg. 

• From table B.2.2.SI at 40oC the required specific volume is located in 
between the values of  0.1559 at 900 kPa and 0.1388 at 1000 kPa , hence 
interpolation is required between these two points.  

• here P1 = 900 , P2 = 1000 and v1 = .1559 , v2 = .1388 while v = .1494 and P 
= ? 

•  Using the interpolation equation as follows, 

 

 

• P = 938 kPa 
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Computer Aided Thermodynamic Tables CATT 

• Thermodynamic tables for various substances such as water and 
refrigerants, ideal gas and air are included in diskette a companying 
the text book.  

• Those tables can be accessed from the window and it is friendly use 
type.  

• Once you open the file just follow the tool bar to get the required 
information.  
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End of Chapter 3 
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