Quick and Easy Altitude Chamber

By Chuck Pierce, Huntsville Area Rocketry Association

As barometric altimeters continue to become standard equipment in high-flying rockets, good methods are needed to ensure that the altimeters are functioning correctly.  Most altimeters have test modes that fire each of the channels independently.  These test modes verify that the output channels are functioning, but give no insight into the health of the barometric circuit.  To test my altimeters (Perfect Flite MAWD and Missile Works RRC2), I developed a quick and easy altitude chamber using readily available and inexpensive materials.  After showing a photo of my setup to several friends, I was encouraged to write an article for Sport Rocketry.  This article will detail the design requirements, the design options, the simple physics and analysis, the assembly and operations procedures, and an evaluation of the design for others that may be interested in building an altitude chamber of their own.  

The System Requirements 
Once I’d decided to build an altitude chamber and being the aerospace engineer that I am, I had to decide upon the basic requirements for the chamber.  This is what they were:

1. The Altitude Chamber shall accommodate an RRC2 altimeter. Therefore, the length of the chamber needed to be about 8 inches, and the neck of the chamber needed to be at least 2 inches wide.

2. The Altitude Chamber shall accommodate the use of LED lights and/or piezo buzzers to show the excitation of the drogue and main output channels.

3. The Altitude Chamber shall be able to hold a vacuum for a few seconds (minimum), so as not to prematurely trigger ‘apogee detection.’

4. The Altitude Chamber shall allow for a controlled rate of pressure decrease and pressure increase, to simulate ascent and descent, respectively.

5. The Altitude Chamber shall simulate an altitude of 1500 feet (AGL), minimum.  There’s nothing magical about 1500 ft, but it gives a good bit of margin over the altitude needed to trigger ‘ascent mode’ in barometric altimeters, and 1500’ should be relatively easy to achieve.

6. The Altitude Chamber shall be easily transportable to rocket launches and club meetings.

The Conceptual Design Options

Upon starting the assessment of design options, my first inclination (and do keep in mind that I am a geeky engineer at heart) was to go for the most accurate, most complex system possible.  So, I looked closely at bell jars and vacuum pumps with vacuum gauges.  However, the cost of vacuum pumps and the lack or portability persuaded me explore some better options.  Swinging to the other end of the pendulum, I thought to myself, ‘Self, you can use a vacuum cleaner to pull a vacuum on a section of PVC piping.’  The complexity of having to run wires through the chamber wall for visualization of the excitation of the altimeter channels and the lack of control of the rate of de-pressurization and re-pressurization, though, persuaded me to take a middle of the road approach.  I finally decided that my altitude chamber would consist of a Mason jar, a Food Saver ™ lid, some fish tank air hose tubing, and a 60cc veterinary syringe.  

The Physics

The physics of a piston-based altitude chamber is very simple.  It is simply the perfect gas law:  PV = zmRT, where P is the internal pressure, V is the internal volume, z is the compressibility factor, m is the mass of the fluid, R is the gas constant for the fluid, and T is the temperature of the fluid.  For this relationship to work, the system must be closed, meaning that the fluid (air in this case) is not allowed to enter or exit the system, once the system is put into operation.  Although air is not a perfect gas, the compressibility factor of nitrogen at low pressure is equal to 1; therefore, the expression reduces to PV=mRT.  Since the mass of air contained inside the chamber and the gas constant for air are constant, the expression can be modified to show the relationship between the initial and final states of the fluid.
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  where states 1 and 2 represent the initial and final states, respectively.

Since the temperature will have no significant change (due to the very small pressure changes involved), the temperature terms cancel out, further reducing the expression to 


[image: image2.wmf]2

2

1

1

*

*

V

P

V

P

=

   or   
[image: image3.wmf]1

2

2

1

V

V

P

P

=


The significance of this relationship is that it shows that the pressure change is indirectly proportional to the change in volume. In other words, as the volume increases, the pressure will decrease proportionally.  Let’s now analyze the process in detail.  Figure 1 shows the initial and final states of the altitude chamber system.
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State 1: The internal pressure is equal to the ambient pressure (assume 14.7 psia), and the internal volume is equal to the volume of the chamber (mason jar) and the air hose.

State 2: The piston is pulled open to expand the volume, thus causing a decrease in pressure, which simulates an increased altitude.  The final volume is now equal to the volume of the chamber, air hose, and the piston.

So, the final pressure is 
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where Vc is the volume of the chamber and air hose and Vs is the volume of syringe (piston).  

Finding a large mouth 800 cc Mason jar in my wife’s canning supplies (shh, please don’t tell her!!!), I measured the volume of water (950 cubic centimeters) that would fill the jar to the lip.  The air hose volume measured 6.5 cc.  Not having a means to measure the volume of the altimeter hardware, I made an educated guess that its volume was about 50cc. So, considering these volume inputs, we’ll set the internal volume of the chamber to be 900 cc.  Plugging the syringe and chamber volumes into the equation,
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“So, what altitude is simulated by a pressure of 13.78 psi,” you ask? Excellent question!  The altitude can be approximated several different ways.  The first is to use the rule thumb that pressure drops approximately ½ psi for every 1000 feet increase in altitude.  This rule of thumb is not bad as the pressure drop remains relatively constant up to 11,483 feet, as can be deduced from Figure 2.  So, for a pressure drop of ~1 psia (14.7 – 13.78), the estimated altitude would be   


[image: image6.wmf]ft

ft

psi

psi

psi

ft

psi

P

P

A

1840

)

1000

/

5

(.

)

78

.

13

7

.

14

(

)

1000

/

5

(.

)

(

2

1

=

-

=

-

=


But, who wants to do it the easy way?  An excerpt from the Standard Air Tables is shown in Table 1 and is plotted in Figure 2.  To find the altitude equivalent to 13.78 psi, one could ‘eye-ball interpolate’ between the altitudes of 1640 and 2461 feet in Table 1 or use the graph in Figure 2.  Since the relationship looks to be linear between the data points, a mathematical linear interpolation could be used to find a more precise altitude that corresponds to 13.78 psi.  Our data point lies between the data points for 13.85 psi and 13.44 psi; so, we can set up the linear relationship between pressure and altitude as follows:
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where P1 and P2 are the two bounding pressure data points, 13.85 and 13.44 psi, respectively, and A1 and A2 are the altitude data points corresponding to P1 and P2, 1640 and 2461 ft, respectively.  A0 and P0 are the data points that lie between the known data points.  Since we know that P0 is 13.78, the equation can be solved for A0.
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The linear interpolation method is actually an excellent method to use in this application to find the exact pressure/altitude data points due to the near-linearity of the data between any two data points in the data set.  However, it would be really neat to have a single equation that characterizes the entire pressure vs. altitude data set.  Unfortunately, the data set is not quite linear as is indicated by the slight bow in the data shown in Figure 2.  Using a least squares linear regression technique, a linear equation can be derived to represent the data set.  The linear curve fit (red line) is shown in Figure 2 and is not a bad fit if ends of the line can be avoided.  Resisting the engineering urge to delve into the depths of linear regression theory, I’ll spare everyone that discourse for now and simply cut to the chase by stating that the linear equation (using the least-squares technique) relating pressure vs. altitude is 
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The equation can be easily solved for altitude:  
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However, due to the slight non-linearity of the data, I’d discourage anyone from using the linear equation above.  A much better representation of the slightly non-linear data set is a second-order polynominal curve fit.  Again, sparing everyone a treatise in non-linear regression theory, the Standard Atmospheric Data can be very accurately represented by the following binomial equation:
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Ready now for a flashback to high school algebra? For the pressure vs. altitude relation to be really useful, we must be able to solve the binomial equation for Altitude A.  This is where our old friend, the Quadratic Formula, saves the day! As you’ll remember, the Quadratic formula can be used to solve for X when a binomial equation is in the form 
[image: image12.wmf]0

c

bX

aX

2

=

+

+

 with a, b, and c being coefficients.  So, we’ll put our pressure vs. altitude equation into that form:
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The Quadratic Formula states that 
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.  So, using P=13.78 psi,
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Due to the square root in the relation, the quadratic equation gives us two answers.  Obviously, 73,964ft is a bogus answer; so, we’ll simply toss it out, leaving A = 1772 ft.  If you’ll look back at the answer derived using the linear interpolation method, you’ll see that these two methods differ by less than 10 feet, which validates the accuracy of both methods.

So, if I wanted to simulate a different altitude, what size jar should I use?  Ah, another excellent question!  To give options for simulating other altitudes, I’ve used the equations derived above to determine the internal volume needed to simulate some representative altitudes from 1000 ft to 10,000 ft.  Table 2 and Figure 3 show the results from that analysis.

	Altitude

[feet]
	  Chamber Volume

 [cc ]     [in3]    [cups]

	1000
	1614
	98.5
	.6.85

	2000
	792
	48.4
	3.36

	4000
	379
	23.1
	1.61

	6000
	241
	14.7
	1.02

	8000
	173
	10.5
	0.73

	10000
	132
	8.0
	0.56


Table 2:  Alternate Chamber Sizes Data
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Clear as mud?  Anyone, interested in the Spreadsheet that was developed to support the analyses above, can find the spreadsheet at http://www.knology.net/~cpierce/rocketry/Altitude_Chamber_Sizing.xls.  

Well, physics schmysics!  Here are the nuts and bolts of how to build and use a piston-based Altitude Chamber.
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The Parts List

· 800ml Wide Mouth Mason Jar   (~$5 for a box of 4; free if your wife or mother enjoys canning)

· Food Saver ™ lid for wide mouth canning jars (~$10)

· 60cc veterinary syringe (~$1)

· 6”of 1/8”fish tank air hose (~$3 for 25’ of the stuff, free if your children have a fish tank)

· 2 low voltage LEDs (~$2 each)
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The 60cc syringe can be found at a farmer’s COOP or other feed/seed store that sells veterinary supplies.  The LEDs can be found at your favorite electronics shop.  The Food Saver™ lid can be purchased online from a plethora of canning and kitchen supply vendors.  The Food Saver™ lid comes with a section of tubing that has fittings to connect to the top of the lid and to the Food Saver ™ itself.   The 1/8” air hose fits nicely onto the Food Saver™ connector and onto the syringe outlet nipple.  A wrap of electrical will help prevent vacuum leaks at those fittings.

The Assembly and Test Operations

1. Install the LEDs onto the drogue and main channels of the altimeter.

2. Arm the altimeter (by shorting the start circuit or however your altimeter is designed to be armed).

3. Carefully place the altimeter inside the Mason jar.  Make sure that there are no unwanted shorts and that both LEDs are visible .

4. Remove the hose connector from the Food Saver™ lid, then place the lid onto the jar.  This step is designed to prevent an inadvertent pressurization of the chamber during assembly).

5. Connect the two segments of air hose together, then connect that tubing between the syringe and the lid.  Apply a small piece of tape at the hose connections to help prevent vacuum leaks.

6. Verify that the altimeter is beeping the correct sequence of tones for its particular mode.

7. Quickly pull the syringe plunger to the 60cc mark and hold. A slight nudge inward on the plunger will trigger apogee, and the drogue LED should illuminate.

8. Slowly return the plunger toward zero until the main LED is illuminated.  Record the volume of the syringe to calculate the altitude at which the main channel fired.

9. Count your beeps and compare them to your predicted altitude.

Now, re-arm your altimeter and run your altimeter setup into the living room to watch your wife or mom roll her eyes as you try to show her how very clever you are.

The Design Validation and Error Analysis

Using an 800cc Mason jar (which holds 950cc of water to the top of the lip) and the setup described above, I tested both of my Missile Works RRC2 altimeters.  In three successive tests each, one RRC2 beeped out 1866 feet and the other RRC2 beeped out 1871. As you’ll remember the analysis predicted 1772 feet.  Off by nearly 100’…hmmm.  The error could be due to a combination of the following:

· Errors in the altimeter circuitry.

· The use of a slightly different Standard Air Table in programming the altimeter than I used for my analysis.

· The ambient pressure probably was not quite standard (14.7 psia) though this should only introduce a very minor error, at best.

· Small vacuum leaks during operation.

· A bad estimate for the volume of the altimeter hardware.

The latter has my vote as the primary source of the error.  Unfortunately, I cannot drop my altimeter hardware into a beaker of water to find its volume.

I chose the 800cc Mason jar because a long bottle was required to accommodate the length of the RRC2 altimeter and its supporting hardware.  Anyone using one of the newer, shorter altimeters should consider using a smaller Mason jar as the smaller jar will allow the 60cc syringe to pull a higher vacuum, and thus, simulate a higher altitude.  Please refer back to Table 2 for an overview of the volume vs. altitude design options.

A Costly Mistake

As I was walking through an automotive parts shop, I spotted a nifty little brake bleeding hand pump for about $30.  These hand pumps come with an inches-of-water vacuum gauge and a small valve to break the vacuum.  This seemed to be the perfect vacuum tool for my Quick and Easy Altitude Chamber.  However, much to my chagrin, when I plugged the hand pump into the altitude chamber circuit, I found that when I let up on the pump handle to get another squeeze, enough air seeped into the chamber to trigger ‘apogee’ in the altimeter.  Also, the little vacuum-breaking valve didn’t work worth a flip.  Thirty-dollar hand pump with vacuum gauge…great idea in theory, really bad idea in application.  :-/

Conclusion

Anyone who told his/her 10th grade math teacher or 11th grade physics teacher that you’d never use math/physics once you left school must now send a letter of apology to those teachers with a courtesy copy to your mother!  The analysis and testing presented in this article prove that an altitude chamber based on a Mason jar and a 60cc syringe is a viable and cheap means for testing barometric-based altimeters.  Nothing presented in this article is difficult.  In fact, it’s all very elementary.  However, it does show that simple math and physics can be applied to easily solve real-life problems.  Don’t be afraid to sharpen a pencil and maybe even dust off an old textbook when you wonder about some aspect of rocketry.  Put those brain cells to good use. 

Figure 1: System Diagram





Figure 2: Plotted Standard Air Table





Table 1:Standard Air Tables





Figure 3: Alternate Chamber Sizes Graph
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