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IWS 05 3h Molecular physics.
Assumptions of microscopic model of an ideal gas:

1. The number of molecules in the gas is large, and the average separation

between them is large compared with their dimensions. 

2. The molecules obey Newton’s laws of motion, but any molecule can move in any direction with

any speed.

3. The molecules interact only during elastic collisions.

4. The molecules make elastic collisions with the walls.

5. The gas under consideration is a pure substance; that is, all molecules are

identical.
Using these assumptions, one can find the pressure of  N molecules of an ideal gas contained in a volume V  is

[image: image29.png]



This result indicates that the pressure of a gas is proportional to the number of molecules per unit volume and to the average translational kinetic energy of the molecules. Thus, it has established a key link between the molecular world and the large-scale world.
Now compare this with the equation of state for an ideal gas
[image: image2.emf]
we see that the average translational kinetic energy per molecule of a gas,  ½mv2,  is related to the temperature T  of the gas through the expression

[image: image3.emf]
where  kB is Boltzmann’s constant. Thus, temperature is a direct measure of average molecular kinetic energy.
Each translational degree of freedom (x, y, or z) contributes to the gas an equal amount of energy ½ kBT associated with it. (In general, a “degree of freedom” refers to an independent means by which a molecule can possess energy.) 
A generalization of this result, known as the theorem of equipartition of energy states that the energy of a system in thermal equilibrium is equally divided among all degrees of freedom, where possible degrees of freedom in addition to those associated with translation arise from rotation and vibration of molecules.
The internal energy of  N molecules (or  n mol) of an ideal monatomic gas is

[image: image4.emf]
The change in internal energy for n mol of any ideal gas that undergoes a change

in temperature "T is

[image: image5.emf]
where  CV is the molar specific heat at constant volume.

The molar specific heats of an ideal monatomic gas at constant volume CV , at constant pressure CP  and  the ratio of specific heats are given by 
[image: image6.emf]    [image: image7.emf]   [image: image8.emf]
For any ideal gas the molar specific heat at constant pressure is greater than the molar specific heat at constant volume by an amount R, the universal gas constant (8.31 J/mol·K):

[image: image9.emf]
If an ideal gas undergoes an adiabatic expansion or compression, the first law of

thermodynamics, together with the equation of state of an ideal gas, shows that

[image: image10.emf].

We have considered only average values of the energies of molecules in a gas. The Boltzmann distribution law describes the distribution of particles among available energy states: 

[image: image11.emf]
where  nV(E ) is a distribution function, defined so that  nV(E )dE is the number of molecules per unit volume with energy between  E  and  E + dE.

This equation states that the probability of finding the molecules in a particular energy state E  varies exponentially as the negative of the energy  E divided by  kBT.  

All the molecules would fall into the lowest energy level if the thermal agitation at a temperature T  did not excite the molecules to higher energy levels.

The observed speed distribution of gas molecules in thermal equilibrium is shown in figure. 
[image: image24.emf]The quantity Nv, called the Maxwell–Boltzmann speed distribution function, is defined as follows. If  N is the total number of molecules, then the number of molecules with speeds between v and  v + dv  is  dN = Nv dv. 
This number is also equal to the area of the shaded rectangle in figure. Furthermore, the fraction of molecules with speeds between v and  v + dv is   (Nvdv)/N. 
This fraction is also equal to the probability that a molecule has a speed in the range v to v + dv.

The Maxwell–Boltzmann speed distribution function describes the distribution of speeds of molecules in a gas:

[image: image12.emf]
This expression enables to calculate the root-mean-square speed, the average speed, and the most probable speed:

[image: image13.emf]              [image: image14.emf]  [image: image15.emf]
From these equations, we see that
[image: image16.emf]

From this distribution in speeds, using the fact that some molecules in the liquid are more energetic than others the phenomenon of evaporation of a liquid can be understood. The faster-moving molecules in the liquid leave the liquid even at temperatures well below the boiling point. 
The molecules left behind in the liquid phase have a lower average kinetic energy and  the temperature of the liquid decreases. 
Real gases

An ideal gas does not exist, but real gases behave approximately as such for low enough pressures and high enough temperatures. The real gases are made of molecules that have non-zero dimensions and exert van der Waals forces upon one another. The equation of state for real gases
[image: image17.emf]
is the van der Waals equation. The constants a and b  can be obtained from the experimental data. 

On the isothermal curves T is a constant, and the van der Waals equation is the relation giving V  as a function of  p. This is an algebraic equation of the third degree in V. So it has three roots, which can be real and different, real and coincident, or have one that is real and two that are complex. Only real roots have a physical meaning . Thus the isothermal curves are cut by the [image: image25.emf]horizontal lines  p = const  at three points or just one. 


For the higher temperatures (only one real root), the shapes of the curves are not very different from the hyperbolae of the ideal gas. At lower temperatures (three real roots), the isothermal curves become completely different. 

The curve corresponding to the temperature at which the three roots coincide separates the two cases. It has an

inflection point with a horizontal tangent. These are the critical isothermal and the critical point. At the critical point 
[image: image18.emf]
[image: image26.emf]
Consider an isothermal process in detail. In segment AB, the substance is over-heated vapor.  Below B, the van der Waals curve continues smoothly, while the experimental curve shows the horizontal segment BF, corresponding to the condensation.


The first part of the segment BC is also experimentally  recheable. If the vapor and its container are very clean, we can

take the gas pressure above the saturated vapor pressure (at the given temperature) without condensation. 

But these states are not stable (they are metastable); small perturbation takes the system on the horizontal segment suddenly and irreversibly: the two phases have formed.


On the other side of the coexistence curve, the segment GF represents the liquid. Now start from a high pressure state on GF and gradually expand. 

Proceeding smoothly enough, we can take the pressure below the saturated vapor pressure without the liquid beginning to boil. The segment FE corresponds to the superheated liquid. But these states are metastable. The smallest perturbation takes the system on the horizontal segment suddenly and irreversibly and the liquid boils.


The segment EC does not correspond to any physically achievable state. This segment is indeed anomalous, because the decrease in the volume implies a reduction of the pressure, which, in turn, causes a further reduction of the volume, and so on. There is no equilibrium, and the state is so completely unstable, they cannot exist.


If temperature increases, the three roots of the equation approach each other and become coincident at the critical temperature. All the states represented by the van der Waals equation above the critical temperature are reachable. In this way, the van der Waals equation interprets the necessity of the phase separation below the critical temperature.

Joule-Thomson effect

If a continuous gas is forced to flow through the porous separator because of a constant pressure difference  p1–p2, the temperatures  T1 and  T2  of the gas on the two sides of the separator  are different. 

The majority of the gases, around STP, cools down in the expansion, namely T1  >  T2. 
This is positive Joule-Thomson effect. It take place if  V1  <<  V2   and

[image: image19.emf]
Air at room temperature, for example, cools 0.3 °C, expanding from 2 atm to 1 atm. 


All the gases heat up in the expansion if the temperature is high enough.  This is negative Joule-Thomson effect.  It take place if  V1  <<  V2   and 

[image: image27.emf][image: image20.emf]
A, pressure dependent, inversion temperature exists, at which the temperature variation in the Joule-Thomson expansion changes sign:
[image: image21.emf]
If   T1  >  Tmax  =  2a/Rb, cooling down in the expansion imposible.
Clapeyron equation.  Pressure-Temperature diagrams

In a closed container, maintained at constant temperature the vapor above the free surface of the liquid naturally reaches the pressure at which the two phases are in equilibrium: the saturated vapor pressure at that temperature. 

The same is true for the other transitions between aggregation phases; they are in equilibrium at a given temperature only at a certain pressure. 

Throughout the aggregation phase transition, a certain quantity of heat is absorbed

by, or delivered to, the substance. These quantities are called latent heat of vaporization for the liquid-vapor, latent heat of fusion for the solid-liquid and and latent heat of sublimation solid-vapor phase transitions. 

The latent heats are specific if referred to a kilogram,  molar if referred to a mole. 
Notice that by solid phase, we mean the crystalline phase. Amorphous solids are liquids with extremely high viscosity. There is no latent heat in these cases.


For completeness, we mention that additional phases exist along with the aggregation phases. Some substances can crystallize in different forms, which are called allotropic phases. 

[image: image28.emf]
A relation between the derivative of the equilibrium pressure with respect to temperature, the latent heat and the change of specific volume in the transition was found by Clapeyron 

[image: image22.emf]
   
The three branches of the diagram, 1, 2 and 3 in the figure, represent the function  p(T)  for the equilibrium pressure between the three pairs of phases.

Consider now branch 1 which is the curve of the saturated vapor pressure as a function of temperature. 

When the temperature increases, the saturated vapor pressure, and the density, grows very rapidly. The vapor density becomes closer and closer to the liquid density. When the state reaches the critical point (K in the figure), the vapor has the same density as the liquid and the two phases are indistinguishable. In other words, the liquid-vapor equilibrium curve ends in the critical point.

No critical point exists on the solid-liquid coexistence curve. The curve continues indefinitely, as indicated with an arrow on branch 2. 

The three curves intersect at a point, which is the triple point, Pt in the figure. 
The equilibrium of the three phases exists only at well-defined values of the three variables: 
temperature, pressure and, for a given mass, volume.

Consider now the solid-vapor coexistence curve, branch 3 of the diagram. At temperatures lower than the triple point temperature, the liquid phase does not exist. Heating (giving heat to) the solid, it passes directly into the vapor phase, and vice versa when taking out heat. The former process is called sublimation, the latter deposition.
Temperature scales

Temperature is a property common to systems in thermodynamic equilibrium. 

A thermometer is a system with a conveniently observed macroscopic property that changes with temperature. It could be the length of a mercury column, gas pressure, electrical resistance, or the bending of a bimetal strip in a dial thermometer. 


Let the thermometer come to equilibrium with some system, and its temperature-dependent physical property provides a measure of temperature. Temperature is quantified in SI units using the kelvin scale, defined in terms of gas-based thermometers, whose temperature indication is the pressure of gas held at constant volume. 


We define zero temperature as that temperature at which the gas pressure would become zero. A second known point is the triple point of water—the unique temperature at which solid, liquid, and gaseous water can coexist in equilibrium. 


The SI temperature unit, the kelvin (symbol K), is defined by setting the triple point at 273.16 K. Other temperatures then follow from a linear relationship. 

Since a gas can’t have negative pressure, the zero of the kelvin scale is an absolute lower limit on temperature and is called absolute zero. 


Other temperature scales include Celsius, Fahrenheit and Rankine. 

One Celsius degree represents the same temperature difference as one kelvin, but the zero of the Celsius scale occurs at 273.15 K, so 

TC = T + 273.15,
where T is the temperature in kelvins. 


On the Celsius scale the melting point of ice at standard atmospheric pressure is exactly 0 degrees while the boiling point is 100 . 


The triple point of water occurs at 0.01 , which accounts for the 273.15 difference between the kelvin and Celsius scales. 


The Fahrenheit and Rankine scales, from the British unit system, are used primarily in the United States. Fahrenheit has water melting at 32 and boiling at 212 so the relation between Fahrenheit and Celsius temperatures is 

. [image: image23.emf]
A Rankine degree is the same size as a Fahrenheit degree, but the zero of the Rankine scale is at absolute zero.
