Experiment 1: Heat Capacity Ratios of Gases
Objective: The ratio of the heat capacity of a gas at constant pressure to that at constant volume (Cp/Cv ) will be determined by the method of adiabatic expansion.  Several gases will be examined, and the results will be interpreted in terms of the equipartition theorem.

Introduction
The heat capacity of a substance is defined as the derivative of the energy of a substance with respect to the temperature of that substance.  This quantity is related to the amount of energy you would need to add to a system in order to raise the temperature of the system by one degree.  The energy you would need to add will depend on whether the heating is done at constant pressure or at constant volume.  Thus we can define two heat capacities; Cp the constant pressure heat capacity and Cv the constant volume heat capacity.  From kinetic molecular theory, you can derive the following expression for the molar energy of an ideal gas
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(1)   

The bar indicates that the energy is per mole (i.e. an intensive quantity) This relationship can be used to derive an expression for the constant volume heat capacity


[image: image2.wmf]R

2

3

 

=

T

E

=

C

V

 

V

÷

÷

ø

ö

ç

ç

è

æ

¶

¶








(2)

[image: image1.wmf]RT

2

3

 

=

 

E

where R is the gas constant.  Thus Kinetic Molecular Theory predicts that Cv should be a constant independent of temperature with the same value for all gases.  A similar expression can be derived for the constant pressure heat capacity
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As with the constant volume heat capacity, simple kinetic molecular theory predicts that the constant pressure heat capacity will be independent of temperature and have the same value for all gases.  This means that the ratio of Cp/Cv is predicted to have the same value for all gases.

One of the limitations of simple kinetic molecular theory is that it assumes that molecules are simple spheres with no internal structure.  Thus the only motion which such an idealized molecule can under go is translation in the three cartesian coordinates.  This assumption is clearly not true for molecules other than the noble gases.  For diatomic or polyatomic molecules, rotation and vibration can also occur.  Such a molecule will have additional degrees of freedom beyond the three translational degrees of freedom.  The number of degrees of freedom for a molecule is the number of independent coordinates needed to specify its position and configuration.  A molecule with N atoms will have 3N degrees of freedom.  Thus He with one atom has three degrees of freedom while N2 has six degrees of freedom and CO2 has nine degrees of freedom.  For He, all three degrees of freedom are translational degrees of freedom.  For N2, there are three translational, two rotational, and one vibrational degrees of freedom.  For CO2, there are three translational, two rotational, and four vibrational degrees of freedom.  

The equipartition theory says that each degree of freedom will contribute equally to the energy of the molecule and by implication equally to the constant volume heat capacity of the molecule.  From the prediction of simple Kinetic Molecular Theory that a molecule with only translational degrees of freedom will have a constant volume heat capacity of 1.5 R, we can infer that each degree of freedom will contribute 0.5R to the constant volume heat capacity.  However, for a diatomic molecule like N2, we must consider the contribution of two rotational degrees of freedom and one vibrational degree of freedom in addition to the translational degrees of freedom.  Each rotational degree of freedom will contribute 0.5 R to Cv just like each translational degree of freedom does.  Vibrations must be considered slightly differently.  A vibrational degree of freedom has both kinetic and potential energy components.  Both of these energies will contribute to the heat capacity.  Thus each vibrational degree of freedom is expected by the equipartition theorem to contribute R to the heat capacity rather than 0.5R.  The equipartition theorem implies that  the larger the molecule, the larger its heat capacity is predicted to be.  Since the value of Cv depends on the identity of the molecule, the value of γ should also depend on the identity of the gas used in the experiment.  For He, the predicted value of γ is 5/3, but according to the equipartition theorem, it will be different than this for diatomic and triatomic molecules.    

One method which can be used to determine the heat capacity ratio of a gases is to measure the pressure changes upon adiabatic expansion of the gas.  Adiabatic means that the expansion occurs without the gas exchanging heat with the surroundings.  For the reversible adiabatic expansion of an ideal gas, the change in energy content is related to the change in volume by
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However, from the definition of the constant volume heat capacity and because we are dealing with an ideal gas we can say that
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We can rearrange this equation and then integrate to get the following expression







                 This equation predicts a temperature decrease resulting from an adiabatic expansion of an ideal gas.

Consider the following two-step process involving an ideal gas.  In step I, the gas expands adiabatically until the pressure drops from p1 to p2.  This expansion will result in a temperature drop from T1 to T2.  In step II, we allow the gas to warm up from T2 back to T1 under conditions of constant volume.  This will result in a pressure increase from p2 to p3.  For step I, we can use the ideal gas law to obtain
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we can substitute this expression into equation (7) to get the following expression
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we can collect together all the volume terms on one side of the equation and use the fact that for an ideal gas Cp = Cv + R to get the following relationship
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Since the second heating step occurs at constant volume, we can use the ideal gas law to make the following three equivalences
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From the first and third equality, we get that P1V1 must equal P3V2 or that V2/V1 must equal P1/P3.  We can substitute this relationship into equation (10) and obtain with some rearrangement the following expression
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Thus in order to evaluate the heat capacity ratio, we only need experimental determinations of three pressures; before an adiabatic expansion, after an adiabatic expansion, and after a constant volume heating.  

Procedure
The apparatus should be assembled as shown in Figure 1.  Note that the assumes that the gas in the cylinder is heavy, for helium only connections a and b will be reversed so that the He is introduced into the top rather than the bottom of the carboy.  The manometer is an open tube manometer, one side of which is open to the atmosphere.  The pressure it measures, therefore, is the difference in pressure from atmospheric pressure.  To get the actual pressure in the vessel, the pressure difference measured by the manometer must be added to the barometric pressure.  Liquid mercury is the standard fluid used in manometers.  However, in order to improve our ability to measure small pressure changes, we will used dibutyl phthalate in the manometer.  This liquid is much less dense than mercury and so a small change in pressure will produce a larger change in fluid level than if we were using mercury.  This requires that the dibutyl phthalate readings be converted to mercury readings before adding the manometer reading to atmospheric pressure.  In order to convert the dibutyl phthalate reading to mercury readings, multiply the reading by the ratio of densities of the two liquids (1.046 g cm-3 /13.55 g cm-3)   

To start the experiment, seat the rubber stopper firmly in the carboy and open the clamps on rubber tubes a and b.  Keep tube c clamped off.  Allow the gas under investigation to sweep through the carboy for 10-15 minutes.  Retard the gas flow to a fraction of the original rate by partly closing the clamp on tube a.  CAREFULLY open the clamp on tube c, then cautiously (to avoid blowing oil out of the manometer) clamp off tube b.  When the manometer has attained a reading of about 600 mm, completely clamp off tube a.  Wait about 10 minutes in order to allow the gas to come to thermal equilibrium.  Record the manometer reading.  This reading when converted and added to the barometric pressure will give p1.    

Remove the stopper entirely from the carboy (a distance of 2 or 3 inches) and then replace it as quickly as possible making sure that it is tightly seated in the carboy.  Wait about 10 minutes to allow the gas to warm up which will cause an increase in pressure.  Take a manometer reading and convert this reading and add to the barometric pressure.  This quantity is p3.  The final pressure p2 is equal to the barometric pressure in the lab.  You should also note what the temperature in the lab is during the course of the experiment.  Repeat the entire procedure to get a second and third set of values for p1 and p3.  For the repeat runs, a couple of minutes of flushing in the first step is all that is needed.  Move to another station and repeat the entire procedure for a second gas and then move to the final station and acquire data for the third gas.  

Calculations
For each of the three runs on He, N2, and CO2 calculate Cp/Cv using equation (12).  Also calculate a theoretical value for Cp/Cv assuming that molecules have only translational degrees.  Repeat the theoretical calculation including rotational and vibrational degrees of freedom as appropriate.    

Lab Report
Abstract: You should include a brief statement of the method used to determine g and then report average values of g for each of the gases studied.  You should also include a brief assessment of the agreement between your experimental values and the expected theoretical values .

Introduction: You should include an overview of Kinetic Molecular Theory and the equipartition theorem, a discussion of the equations you will be using to evaluate g as well as a discussion of the various theoretical predictions for this quantity.  You should conclude this section with a statement of your objectives for the experiment.

Experimental.  Briefly describe the experimental procedure.  Include a sketch of the apparatus.

Results and discussion: Report in a table the manometer readings for each trial for each gas studied as well as the final experimental values for p1, p2, and p3 for each trial for each gas.  Include a set of sample calculations showing how p1, p2, and p3 were calculated.  In another table, report values for g for each trial for each gas as well as an average value for g for each gas along with an estimate of the uncertainty in this value.  This table should also include the theoretical predictions for the heat capacity ratio.  Each table should have a number and a title.  Discuss the extent of agreement between experimental and theoretical values for the heat capacity ratio.  Give reasons why there might be a discrepancy between experimental and predicted values. 

Figure 1:  A schematic of the experimental set up for determination of heat capacity ratios by the adiabatic method.  Note that in our experiment we will not be using a thermostat bath.  
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Name

CH 341 Pre-lab assignment Experiment 1

1) Calculate Cp, Cv, and γ for N2 and CO2 using the equipartition theorem and equation 4. 

2) Look up experimental values of Cp for N2, CO2, and He at room temperature in the CRC or other standard reference.  List the values and where you found them.  How do these values compare with the values calculated in question 1?
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