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Quality factor Q in a cylindrical pipe open at both ends (partly adapted from class notes for acoustics)  7/1/09
The quality factor Q of a resonator is defined as the ratio of stored energy E to the losses per radian of oscillation.


Q = E/(losses/radian)

This will make more sense if we write 


Losses/radian = losses/sec / radians/sec = power lost / angular frequency ,  or

Losses per radian = (dissipated power) / ( = Pdissipated / (.
Then Q = (E/ Pdissipated , where E is the energy stored in the pipe.
This says that a high Q results when the dissipated power is low in relation to the stored energy (not only true in acoustics, but in electrical, mecnanical and other resonances).

There are two main types of acoustic power losses: 1) radiation of sound out the ends of a cylindrical pipe, and (2) viscous losses very close to the walls of the pipe.

When the pipe diameter D is small, there isn’t much sound radiation out the ends (radiated power turns out to depend on the square of the area, or the 4th power of the radius). But for a small-diameter pipe, the viscous losses are relatively large compared to the stored energy. For pvc pipes of ¾ inch diameter we may have a Q of 20 or even lower, due dominantly to viscous losses As the diameter D increases, viscous losses become less important and  sound power radiated out the ends becomes more important. The two effects compete and the Q will increase up to a certain diameter, then decrease, due to the combined effects of viscosity and sound radiation.
We can turn over the equation for Q and get


1/Q = (1/() [ Pviscous/E + Pradiated/E ].

The stored energy E depends on the volume of the pipe (and to D2) , and the viscous losses depend on the pipe diameter D. Thus Pviscous/E equals a constant times the diameter D. The radiated power losses are proportional to D4, and Pradiated/E equals a constant times D2 :


1/Q = a/ D + b D2 .
As long as the frequency stays the same A and B will be constant, the the curve of Q vs. D will reach a maximum and then decline.
You will be measuring 4 or more pvc pipes from 1/2" to 6", finding the Q of each near a frequency of 191 Hz. First measure the inside diameter and length of each pipe. (The lengths are not all the same because there is an additional effective length of about 0.6 radii which must be added in.) Measure the resonant frequency and half-power points for four tubes which resonate near 191 Hz, something like 1”, 2”, 3” and 4” tubes. These will be fairly quick once you get the hang of it, so do two runs per tube, and have all participants do at least two measurements.

Turn on the audio amp and the tie-clip mike switch at the beginning and turn them off at the end.

There is a thermometer on the main lab bench (among all the rubble), which will give you room temperature. 

Place the tie-clip mike in toward the middle of the pipe, then adjust the frequency of the Pasco generator to find the values. Use the scale with 5 sig figs (like 192.34 Hz). The half-power points are when the response amplitude is 0.707 of the max amplitude. (I usually set the max amplitude to 8 divisions, then shoot for the half power points at 5.6 divisions.)

Report the Q for each tube. For the half-power method, you should have a couple of values, so you  could report the average and standard deviation of these. 

The relative losses due to sound radiated out the ends increase as the square of the tube diameter. There are also losses due to viscosity in a boundary layer within about 1/5 mm (at this frequency) of the wall. These losses (relative to the average energy stored in the tube) decrease with tube diameter. Tube Q vs tube diameter should then look like


1/Q = a D2 + b/D ,

where the coefficient a has do do with sound radiated out the ends, and b has to do with viscous losses near the wall.  Do a plot of Q vs D for your pipes. It should go through a maximum then decrease.
(You could use a couple of sliders (scroll bars) in Excel to adjust a and b to best-fit your data. ) (If we were to put a ‘septum’ (thin strip of cardboard) down the center of any of the pipes, this should increase the viscous losses and the Q should be lower.)
Optional: For one tube, obtain a resonance curve for that tube and later fit the data to a lorentzian curve (see A(( ) below) to find the damping and thus be able to calculate Q.  A simple way to get 7 data points is to set the max signal at resonance equal to 8 divisions (4 on either side of center) using the scope gain.  Then change the frequency till the signal takes up exactly 6 vertical divisions, then exactly 4 vertical divisions, then exactly 2 vertical divisions (1 to either side of center). This is a total of 7 frequencies: one at the max (8 divs), and 2 freqs at 6, 4 and 2 divisions.]

The curve for fitting amplitude vs. frequency is


A(() = Ao/sqrt(((2 -(o2)2 + (2(()2)

You would like to adjust Ao and (o and ( in fitting the data. From ( one finds Q = (/(2(). A couple of sliders (scroll bars) in Excel could be used for this fit.

