Thermodynamics  [ENGR 251]                                                                                                            [Lyes KADEM 2007]


II.8. Equations of State
The tables with which we have been working provide an accurate relationship between temperature, pressure and other important thermodynamic properties.  If we restrict consideration to only the vapor state, then we may often find a simple algebraic relationship between temperature, pressure and specific volume; such a relationship is called an equation of state.

For gases at low pressure it has been observed that pressure, P, is directly proportional to temperature, T, (this is known as Charles’ law) and inversely proportional to specific volume, v (Boyle’s law).
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Here, R is known as the gas constant.  

It is further found that there is a relationship between the various gas constants and the molecular weight of the particular gas.  Specifically, it is found that the product of the gas constant and the gas molecular weight yields the same constant for all gases.  This product is known as the Universal Gas Constant.
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Calculate the product in the final column

	Gas
	Molecular Weight                       kg/kmol
	Gas Constant              kJ/kg K
	Product              kJ/ kmol K

	Argon
	39.948
	0.2081
	

	Ethane
	30.070
	0.2765
	

	Helium
	4.003
	2.0769
	


Therefore, the gas constant for a specific (R) gas is equal to:
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The Universal gas constant is considered a fundamental constant, similar to the gravitational constant. 

RU = 8.314 kJ/kmol K
Alternate forms of the ideal gas law:

P·v = R·T

P = (·R·T

P·V = m·R·T

P·V = N·Ru·T



Remember that: mass (m) = Number of moles (N) ( Molecular Mass (M)
Following the ideal gas law, for a process form (1) to (2), we can write:
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II.8.1. Compressibility Factor

It was stated previously that the ideal gas law is valid for low pressure.  The question is, “what is low”?  One way to approach this question is through the compressibility factor, defined as follows:
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For an ideal gas, Z = 1.  As the compressibility factor deviates from 1, the gas may be considered to be increasingly non-ideal.

In attempting to make a general characterization of many gases, it has proven useful to try to put the phase diagrams for many gases together.  In order to “normalize” the graphs, we introduce a normalized pressure and temperature:
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The critical temperature and pressure of several gases are tabulated in tables.  The ratio of the vapor pressure to the critical pressure for the same gas and the temperature to the critical temperature for the same gas is termed the reduced pressure and reduced temperature, respectively.
The figure below represents the compressibility factor, Z, as a function of the reduced pressure, PR, for various reduced temperatures, TR.
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Figure.2.13. Compressibility factor as a function of reduced pressure and reduced temperature.

The worst correlation for the ideal gas law is near the critical point, i.e. PR = 1 and TR = 1. 
These charts show the conditions for which Z = 1 and the gas behaves as an ideal gas:

  


1- PR < 10 and TR > 2 

2- PR << 1 

The Tables for fluid properties provided in the appendix of the textbook will always provide the most accurate means of determining fluid properties.  However, for fluids for which tables are not available it may prove sufficiently accurate to use the ideal gas law as corrected by the compressibility factor.  It is the general applicability of the compressibility factor to all gases at all temperatures and pressures that makes the concept such a powerful tool.

II.8.2. Other Equations of State

A simple, accurate equation of state has long been desired in engineering practice.  The wide spread use of computer programs in engineering has increased the need for such an equation.  Obviously, virtually any algebraic equation, either implicit or explicit, would be easier to program and solve than trying to work with something so cumbersome as the vapor tables.  When the program must deal with a variety of fluids, the impetus is increased even more.

II.8.2.1. Van der Waals equation
Van der Waals examined the ideal gas equation and concluded that it failed near the critical point because it failed to fully account for the attraction forces between molecules and molecular volume.  Molecular repulsive forces in gases are generally quite small.  Since these forces drop rapidly as the molecules move apart, it is only at very high pressure, when molecules are unusually close together, that such forces are significant.  Similarly, gaseous molecules are often widely spaced and do not physically occupy a large fraction of the space in which they exist.  At very high pressures, these molecules are forced together and their volume may become significant.  Van der Waals proposed the model:
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where the constant a accounts for the repulsion between molecules and increases the forces between them.  The constant b accounts for the volume physically occupied by molecules and decreases the effective open volume.  Numerical values of a & b can be calculated as follows:
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II.8.2.2. Beattie-Bridgeman equation 

The Beattie Bridgemen Equation of State represents another attempt, patterned after the approach used by Van der Waals, to improve the accuracy of the ideal gas law by accounting for repulsion forces and the volume of the gaseous molecules.  While the algebraic for is also slightly different, the major difference is that the constants, corresponding to a & b, are obtained experimentally for the particular gas.  While accuracy is improved the model can only be applied to gases for which data is available.
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Where


[image: image12.wmf]÷

ø

ö

ç

è

æ

-

=

÷

ø

ö

ç

è

æ

-

=

v

b

B

B

and

v

a

A

A

1

1

0

0


The constants are given in specific tables for various substances.

II.8.2.3. Benedict-Webb-Rubin equation 

This represents a more recent attempt to improve on the Van der Waals equation by introducing a more complicated model with additional experimental constants.  Again, it is successful in improving accuracy but continues to be limited by available data.

II.8.2.4. Virial equation 

This represents an alternate means of improving the Van der Waals equation of state, this time using an infinite series to represent the dependence of temperature and specific volume on pressure. 
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Johannes Diderik Van der Waals (� HYPERLINK "http://en.wikipedia.org/wiki/November_23" \o "November 23" �November 23�, � HYPERLINK "http://en.wikipedia.org/wiki/1837" \o "1837" �1837� – � HYPERLINK "http://en.wikipedia.org/wiki/March_8" \o "March 8" �March 8�, � HYPERLINK "http://en.wikipedia.org/wiki/1923" \o "1923" �1923�) was a � HYPERLINK "http://en.wikipedia.org/wiki/The_Netherlands" \o "The Netherlands" �Dutch� � HYPERLINK "http://en.wikipedia.org/wiki/Scientist" \o "Scientist" �scientist� famous "for his work on the equation of state for � HYPERLINK "http://en.wikipedia.org/wiki/Gas" \o "Gas" �gases� and � HYPERLINK "http://en.wikipedia.org/wiki/Liquid" \o "Liquid" �liquids�", for which he won the � HYPERLINK "http://en.wikipedia.org/wiki/Nobel_Prize" \o "Nobel Prize" �Nobel Prize� in physics in � HYPERLINK "http://en.wikipedia.org/wiki/1910" \o "1910" �1910�. Van der Waals was the first to realize the necessity of taking into account the volumes of molecules and the � HYPERLINK "http://en.wikipedia.org/wiki/Intermolecular_force" \o "Intermolecular force" �intermolecular forces� (now generally called "Van der Waals forces") in establishing the relationship between the pressure, volume and temperature of gases and liquids





� HYPERLINK "http://upload.wikimedia.org/wikipedia/commons/7/7c/Johannes_Diderik_van_der_Waals.jpg" �� INCLUDEPICTURE "http://upload.wikimedia.org/wikipedia/commons/thumb/7/7c/Johannes_Diderik_van_der_Waals.jpg/530px-Johannes_Diderik_van_der_Waals.jpg" \* MERGEFORMATINET ����





Robert Boyle (� HYPERLINK "http://en.wikipedia.org/wiki/January_25" \o "January 25" �January 25�, � HYPERLINK "http://en.wikipedia.org/wiki/1627" \o "1627" �1627� – � HYPERLINK "http://en.wikipedia.org/wiki/December_30" \o "December 30" �December 30�, � HYPERLINK "http://en.wikipedia.org/wiki/1691" \o "1691" �1691�) was an � HYPERLINK "http://en.wikipedia.org/wiki/Ireland" \o "Ireland" �Irish� � HYPERLINK "http://en.wikipedia.org/wiki/Natural_philosopher" \o "Natural philosopher" �natural philosopher�, chemist, physicist, inventor, and early � HYPERLINK "http://en.wikipedia.org/wiki/Gentleman_scientist" \o "Gentleman scientist" �gentleman scientist�, noted for his work in � HYPERLINK "http://en.wikipedia.org/wiki/Physics" \o "Physics" �physics� and � HYPERLINK "http://en.wikipedia.org/wiki/Chemistry" \o "Chemistry" �chemistry�. Although his research and personal philosophy clearly has its roots in the alchemical tradition, he is largely regarded today as the first modern chemist. Among his works, � HYPERLINK "http://en.wikipedia.org/wiki/The_Sceptical_Chymist" \o "The Sceptical Chymist" �The Sceptical Chymist� is seen as a cornerstone book in the field of chemistry.








� INCLUDEPICTURE "http://upload.wikimedia.org/wikipedia/commons/5/59/Robert_Boyle.jpg" \* MERGEFORMATINET ���





� HYPERLINK "http://upload.wikimedia.org/wikipedia/en/9/98/Jacques_Alexandre_C%C3%A9sar_Charles.jpg" �� INCLUDEPICTURE "http://upload.wikimedia.org/wikipedia/en/thumb/9/98/Jacques_Alexandre_C%C3%A9sar_Charles.jpg/438px-Jacques_Alexandre_C%C3%A9sar_Charles.jpg" \* MERGEFORMATINET ����





Note 1:  When PR is small, we must make sure that the state is not in the compressed liquid region for the given temperature.  A compressed liquid state is certainly not an ideal gas state.





Note 2:  The fact that gases behave as ideal gases when the reduced temperature is greater than 2, TR > 2, is the most commonly encountered.  Consider the boiling point of several gases, taken from Tables A-1 and A-1E, shown below:





Substance�
Critical Temperature�
�
Argon�
151K�
�
Helium�
5.3K�
�
Hydrogen�
33.3K�
�
Nitrogen�
126.2K�
�
Oxygen�
154.8K�
�



We think of each of these substances as gases because the maximum temperatures at which they are liquids are very low, far below temperatures normally encountered in nature.  For that reason, it is common in nature that the TR > 2 for these substances and they can be treated as ideal gases











Important





Jacques Alexandre César Charles (� HYPERLINK "http://en.wikipedia.org/wiki/November_11" \o "November 11" �November 11�, � HYPERLINK "http://en.wikipedia.org/wiki/1746" \o "1746" �1746� - � HYPERLINK "http://en.wikipedia.org/wiki/April_7" \o "April 7" �April 7�, � HYPERLINK "http://en.wikipedia.org/wiki/1823" \o "1823" �1823�) was a French inventor, scientist, mathematician, and balloonist.


Circa 1787 he discovered � HYPERLINK "http://en.wikipedia.org/wiki/Charles%27s_law" \o "Charles's law" �Charles' Law�, which states that under constant pressure, an � HYPERLINK "http://en.wikipedia.org/wiki/Ideal_gas" \o "Ideal gas" �ideal gas�' volume is proportional to its temperature. The volume of a gas at constant pressure increases linearly with the temperature of the gas. The formula he created was V1/T1=V2/T2. His discovery anticipated � HYPERLINK "http://en.wikipedia.org/wiki/Joseph_Louis_Gay-Lussac" \o "Joseph Louis Gay-Lussac" �Joseph Louis Gay-Lussac�'s published law of the expansion of gases with heat (1802).


Charles was elected to the � HYPERLINK "http://en.wikipedia.org/w/index.php?title=Institut_Royal_de_France&action=edit" \o "Institut Royal de France" �Institut Royal de France�, � HYPERLINK "http://en.wikipedia.org/wiki/Acad%C3%A9mie_des_sciences" \o "Académie des sciences" �Académie des sciences�, in 1793, and subsequently became professor of physics at the � HYPERLINK "http://en.wikipedia.org/wiki/Conservatoire_des_Arts_et_M%C3%A9tiers" \o "Conservatoire des Arts et Métiers" �Conservatoire des Arts et Métiers�. He died in � HYPERLINK "http://en.wikipedia.org/wiki/Paris" \o "Paris" �Paris� on April 7, 1823.
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