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ABSTRACT
Gathering air content data is extremely important when running mid- to high-speed
experiments in water tunnels. Air content can affect many things in these underwater tests, but is
most notable for causing cavitation on bodies. To monitor and track air content during
experiments, the staff at the Garfield Thomas Water Tunnel, part of Penn State’s Applied
Research Lab, use a Van-Slyke apparatus. A Van-Slyke apparatus is a modified mercury
manometer, originally developed to measure blood pressure. The Van-Slyke currently measures
air content satisfactorily, but as restrictions on toxic elements such as mercury continue to grow,
there is becoming a great push to develop newer, safer methods to continue to measure air
content.
A few ideas of how to measure air content without the Van-Slyke apparatus were
proposed. A non-mercury mechanical method was looked at in detail. A prototype was designed,
built, and tested extensively and compared against results taken by the Van-Slyke apparatus.
Although the prototype mirrored the Air Content readings from the Van-Slyke, results were
inconsistent and less accurate than the Van-Slyke apparatus. Still, the method showed promise,
and it will be worthwhile to design a second prototype with better equipment and properties now
that the process is fully understood.
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Chapter 1
Introduction of the Problem
This thesis consists of research done at the Garfield Thomas Water Tunnel, a division of
the Applied Research Lab at The Pennsylvania State University. The Garfield Thomas Water
Tunnel, abbreviated GTWT, does experimental and computational research in a variety of topics,
both for military and commercial contracts.
The GTWT facility contains four water tunnels, all with varying tunnel diameters. The
largest tunnel is 48 inches in diameter at the model section; it was the largest in the world when it
was built in 1950, and remained so until 1990. These water tunnels are used to test various
models, such as propeller blades, underwater vehicles, and other bodies for research use. When
conducting experiments, one of the major properties that often needs to be known is the air
content in the water. Air gets trapped in water, and the amount of air trapped in the water, the air
content, is extremely important in experiments for a variety of reasons.
Probably most importantly, air creates cavitation bubbles in water. Cavitation is the nearinstantaneous formation and implusion of cavities in a liquid that happen due to forces acting on
the liquid (cite). Cavitation usually occurs due to rapid pressure changes in the water. Below is a
picture of damage caused by cavitation on a propeller blade.
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Figure 1-1 Cavitation damage on edges of blades

Cavitation is generally unwanted with underwater bodies because it causes erosion and
damage to the structure over time. Changing the air content during experiments can help
researchers see how the body reacts under different conditions. More recently, the facility also
does a lot of experiments with super-cavitating vehicles, where air is actually pumped into the
water to attempt to engulf the model in an air bubble to attempt to reduce drag. The air content in
the water during these experiments is monitored periodically to see how much air is being
pumped in the water.
In order to measure the air content, the facility has used a type of a mercury manometer
called a Van-Slyke apparatus. Designed to measure blood pressure in the early 1900s, this VanSlyke apparatus was reconfigured by staff at GTWT in the 1950s to measure air content in water.
The Van-Slyke is shown below.
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Figure 1-2 The Van-Slyke Apparatus

The Van-Slyke apparatus takes fairly accurate and consistent measurements, usually
accurate within a half of a PPM (PPM stands for parts per million, a measurement of dissolved
particles in a solution). However, the Van-Slyke apparatus does use mercury, and more and more
regulations are being placed on the use of mercury in laboratories. Mercury is extremely toxic if
ingested or inhaled. This limits the number of people who can be trained on the machine, as well
as causing difficulties with certain regulations. The Occupational Safety and Health
Administration, OSHA, is also trying to limit mercury in labs, and may ban mercury in the near
future. As this may be happening soon, it will become imperative to develop a method to
continue this kind of accuracy in tests without the use of hazardous materials.
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Chapter 2
An In-Depth Look at the Van-Slyke Apparatus
Before attempting to eliminate hazardous substances from the air content measurements,
it is important to understand how exactly the Van-Slyke Apparatus works. Understanding the
Van-Slyke Apparatus and the theory of operation behind it can lead to a better understanding of
possible ways to replace it. The following explanation uses much of its information from an
instruction paper written for the GTWT back in 1968, “Report on Van-Slyke Apparatus”.
The Van-Slyke measures air content using basic chemistry. By taking a water sample
and stirring it to separate the air from the water, properties of both the water and the air become
known. As mentioned before, air content is measured in parts per million, or PPM, as defined
below in Equation 2-1, where ng is the moles of the gas (air), and nw is the number of moles of the
water in the mixture.
PPM =

ng 6
10
nw

Equation 2-1 Parts Per Million

Both the moles of water and air can be found using known quantities and values given by
the Van-Slyke apparatus. Starting with the air, the moles of air can be found assuming air acts as
an ideal gas. When dealing with air, this is a reasonable assumption, and the ideal gas law can be
used.
PV = ng RT

Equation 2-2 Ideal Gas Law

The number of moles of gas can be found by re-arranging the equation. V, the volume
the air occupies, is a constant for each experiment run with the Van-Slyke apparatus. After the
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air and the water are separated, each one occupies a specific volume. This happens to 2 mL in the
GTWT’s Van-Slyke apparatus. R is the universal gas constant, known to be 82.0575 mlatm/(mol-k), and T is the temperature measured in Kelvin when the reading was taken. Pressure,
P, can be found by operating the Van-Slyke apparatus and will be explained later.
ng =

PVg
RT

Equation 2-3 Moles of Air

Now that ng is known, nw needs to be found as well. To find this, the definition of a mole
is used. The number of moles of a substance can be found by using the mass of a sample and
dividing it by its molecular weight, a known property for water. The mass of the sample is just
the volume it occupies multiplied by its density. Like the air in the sample, the water also
occupies a known volume, set to be 10 mL in the Van-Slyke. The density of water at a given
temperature can be found using tables that vary with temperature. This process is shown below
in Equation 2-4, where ρ is the density in g/mL, Vw is the volume of water in mL, and M is the
molar mass of water, known to be 18.016 g/mol.

nw =

mass of water sample
ρVw
=
M
molecular weight of water
Equation 2-4 Moles of Water

Now that nw and ng can be found, air content parts per million can be figured. First, take
a look at nw and ng.
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PVg
ng
PVg M
= RT =
ρV
RTρVw
nw
w
M

ng PVg M
PVg M
=
∗
=
nw RT ρVw RTρVw

Equations 2-5 and 2-6 Mole Ratio

To make sure all of the units cancel out, it is important to use the following units for each
variable.
𝑃 = [𝑎𝑡𝑚]

𝑉𝑔 𝑎𝑛𝑑 𝑉𝑤 = [𝑚𝐿]

𝑔
𝑀 = � �𝑚𝑜𝑙 �

𝑅 = �𝑚𝐿 𝑎𝑡𝑚�𝑚𝑜𝑙 𝐾 �
𝑇 = [𝐾]
𝜌=�

𝑔
�
𝑚𝐿

Some values do not change or need to be adjusted, so some constants are added to the
formula to maintain correct units.
𝑅 = 82.0575 𝑚𝐿 − 𝑎𝑡𝑚�𝑚𝑜𝑙 − 𝐾
𝑉𝑤 = 10 𝑚𝐿

𝑉𝑔 = 2 𝑚𝐿

𝑔
𝑀 = 18.016 �𝑚𝑜𝑙

𝑇𝑘 = 273.15 + 𝑇𝑐𝑒𝑙𝑐𝑖𝑢𝑠

𝑃𝑎𝑡𝑚 = 760 𝑚𝑚𝐻𝑔

Substituting these values into the PPM formula, the results is:
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𝑃𝑃𝑀 = 57.78 �

𝑃
�
𝜌(273.15 + 𝑇𝑐

Equation 2-7 Van-Slyke PPM

The pressure is the last part of the equation that has not been accounted for yet. The
operator of the Van-Slyke apparatus can find the pressure readings in mmHg of the Van-Slyke
before and after the air is separated from the water (designated as P1 and P2). This difference,
along with the vapor pressure of water at that temperature, PvH2O, will give the P value for the
equation. The vapor pressure of water can be found using the online database NIST.
𝑃 = 𝑃1 − 𝑃0 − 𝑃𝑣𝐻2𝑂

Equation 2-8 Van-Slyke Pressure Calculation

Therefore, the Van-Slyke apparatus can find the PPM using this final equation.
�𝑃1 − 𝑃0 − 𝑃𝑣𝐻2𝑂 �
�
𝑃𝑃𝑀 = 57.78 �
𝜌(273.15 + 𝑇𝑐 )

Equation 2-9 Van-Slyke Air Content Reading
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Chapter 3
Alternative Methods

Because the Van-Slyke apparatus contains mercury, a hazardous material, various safer
methods were considered as solutions to eventually replace the Van-Slyke. Three that were
looked into in the most detail were a Dissolved Oxygen Sensor, an Optical Sensor, and a nonmercury mechanically based solution.

Dissolved Oxygen Sensor
Dissolved Oxygen Sensors take a small sample of water and use a probe to measure the
oxygen count in the water. This process takes about five minutes, and is able to directly tell PPM
of oxygen in the water. A picture of a dissolved oxygen sensor is shown below. The probe on
the right measures air content in water samples through electrodes.

Figure 3-1 Dissolved Oxygen Sensor
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The sensor on the right stirs the sample and uses electrodes to sample the water and
gather a reading. The reading is then displayed on the hand-held device on the left. A detailed
instruction set is listed in the Appendix.
A dissolved oxygen sensor is easy and simple to use. With a little instruction, results can
be easily found and compiled. It only takes about five minutes to get a recording. However, the
sensor is unproven. Since the sensor measures the dissolved oxygen, not the total air, an
assumption has to be made that the quantity of oxygen in the air is the same as in the tunnel
sample. This assumption may not be valid because the dissolved oxygen may change differently
than the dissolved air. Also, the dissolved oxygen sensor is more expensive than other proposed
options, with the current model bought by the water tunnel costing up to $800. Also, unlike other
methods, the dissolved oxygen sensor has a maintenance cost associated with it; the electrodes
need replacing about every six months, creating more costs and more maintenance issues.

Optical Sensors
Optical sensors use lasers to count air bubbles in a water sample. Then, a computer code
can be written, most likely in Matlab, that analyzes the air bubbles. Based on their size, shape,
and frequency, the code would be able to detect the air content in the water. This method,
although safer, would still use a laser, so the user would still have to execute caution when
conducting experiments. As well, the code would be complicated, and there may be problems
accurately detecting bubble size accurately and consistently.

Non-Mercury Mechanical Solutions
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A non-mercury mechanical solution would use the same mathematical and scientific
principles of the Van-Slyke apparatus, but would not contain hazardous material. The
mechanical system would create a vacuum to measure a pressure difference, and the pressure
difference can give the air content. This system would need to have a different way to measure
the pressure difference, as well as a way to separate the air from the water. Although
mathematically this model makes a lot of sense, tests would need to be run to test the use in real
life scenarios.
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Chapter 4
Analyzing the Piston Method
The piston method is a prototype system to validate the non-mercury method described in
Chapter 3. The piston method, as the name would suggest, uses a piston rod to draw in a water
sample into a circular cylinder. Much like the Van-Slyke apparatus, the piston measures the
pressure difference before and after the air is separated from the water to compute the air content.
The exact procedure of operation is explained in Appendix A.
Once the pressure difference values are found experimentally, they can be put back into
the air content formula. A good starting place is the formula for the ratio of moles of gas (air) to
the moles of water. The formula is the same as introduced in Chapter 2 with the Van-Slyke
apparatus.
ng PVg M
PVg M
=
=
nw RT ρVw RTρVw

Equation 4-1 Mole Ratio Revisited

Now, to make sure the units cancel out, each variable must be represented in the
following units.
g
[atm][ml][
]
PVg M
mol
=
= non − dimensional
RTρVw �ml atm [K] g [ml]
�
�
�
mol K
ml
Equation 4-2 Unit Check

Some variables are the same as they were in Chapter 2 for the Van-Slyke Apparatus, such
as
R = 82.0575

ml atm
mol K
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M = MH2 O = 18.016 grams/mole

However, the volumes of air and water are both different. They will be kept as variables for the
time being since a set volume ratio has yet to be determined. That brings the equation currently
to this:
ng
PVg
18.016
=
∗
nw 82.0575 TρVw

Equation 4-3 Mole Ratio with Constants

At this point, caution must be taken to keep units consistent. Pressure, P, is measured in
atmospheres (atm). However, the pressure transducer attached to the piston measuring the
change in pressure measures pressure in PSI and spits out a voltage reading based on the pressure
it reads. The transducer is rated to read 0 to 75 PSI and outputs voltages of 0 V to 5 V based on
those pressures. Therefore, to be read in Volts, the pressure needs to be adjusted.
1 𝑎𝑡𝑚 = 15 𝑝𝑠𝑖

1 𝑉 = 15 𝑃𝑆𝐼 = 1.0207 𝑎𝑡𝑚

So, allowing P to be in PSI instead of atm, the equation becomes
ng
PVg
= .0146369 ∗
nw
TρVw

Equation 4-4 Mole Ratio with Pressure Conversion

Now, it becomes necessary to see what P really stands for. P represents the pressure, but it really
is the change in pressure recorded before and after the sample is run. Since the water pushes a
little on the air, the vapor pressure of water at the conditions of the test should be taken into
account as well. In an ideal scenario, the initial pressure would be zero. However, due to human
error and a non-perfect vacuum, this is not the case.

𝑃 = 𝑃2 − (𝑃1 + 𝑃𝑣𝑤 )

Equation 4-5 Pressure Calculation
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In the equation above, P2 represents the pressure reading after the sample is run, P1 is the
pressure taken before the sample is run, and Pvw is the vapor pressure of the water given the
atmospheric conditions when the test took place. P2 and P1 can then be replaced by the voltages
taken for each value and can all be substituted back into the mole ratio equation.
𝑃 = 15𝑉𝑜𝑙𝑡𝑠2 − (15𝑉𝑜𝑙𝑡𝑠1 + 𝑃𝑣𝑤 )

ng
[15Volts2 − �15Volts1 + Pvw �]Vg
= .0146369
nw
TρVw
Equations 4-6 and 4-7 Converting for Voltage

From this, PPM is easy to find.
PPM = 1.46369 · 104

[15Volts2 − �15Volts1 + Pvw �]Vg
TρVw

Equation 4-8 Piston Method Air Content Calculation

Now, Vg and Vw are represented as variables in this equation. In reality, however, in the
piston, each volume is constant and set arbitrarily to a value. The temperature is measured in
Kelvin, so temperatures found in Fahrenheit and Celsius need to be adjusted for. Density, like the
water pressure vapor, can be found in the NIST database.

14

Chapter 5
Testing Procedure
After gathering a permanent procedure for testing a sample, a plan needed to be put
together to test the device. The first thing that needed to be looked at was to find a way to test air
content samples over the range of air contents achievable in the water tunnel, and achievable by
the Van-Slyke apparatus. Because the range of these air contents could not be reached with just
normal tunnel tests, creativity had to be used to get a wide range of air contents. Air content
values found historically in the tunnel records have been as low as 3 or 4 PPM, and rarely, if ever,
higher than 20 PPM. The focus of the tests will be on trying to achieve some correlation within
this range.
In order to get samples with low air contents, vacuum pumps were used to pump the air
out of water. A large vacuum pump was used at first. Then, a smaller off-the-shelf vacuum
pump was used. Using a Bunsen burner to heat the water, the vacuum pump lowered the pressure
to let air escape from the water. Doing this to tap water samples and varying the time of the
heating allowed for a quick and easy way to get water samples with a variety of air contents.
In order to get mid-range and higher air content values, water tunnel and plain tap water
samples were tested. All three of these low-, mid-, and high- range air contents gave a complete
sample of the range needed to be tested.
Each sample tested was run in both the Van-Slyke apparatus and the piston method. The
Van-Slyke apparatus was used as the baseline, since it has been proven over time to be accurate
within about half a PPM. It is also the only baseline air content measurement system at Garfield
Thomas Water Tunnel.
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Chapter 6
Testing Analysis and Results
In order to see correlation between the piston method developed and the Van-Slyke, the
data was plotted against each other. The Van-Slyke was used as the baseline for the piston
method since it is the tried and proven method. The Piston PPM values calculated were plotted
against the Van-Slyke PPM calculations. Obviously, assuming the Van-Slyke apparatus is
correct, it is desired that the piston method calculate values close to the values the Van-Slyke
produced. If this is the case, the data should correlate to a straight line with the Van-Slyke. The
closer to a straight line the data is, the more accurate the piston method proves itself to be. The
data correlation between the Piston and Van-Slyke method is shown below in Figure 7-1.
25.0

PPM from Piston

20.0

15.0

10.0

5.0

0.0
0.0

5.0

10.0

15.0

PPM from Van Slyke

Figure 7-1 Air Content Comparison

20.0

25.0
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The red line shows an ideal one-to-one matching relationship between the Van-Slyke and
the piston method. It can be seen that although there are some outliers, the data generally follows
the trend. Looking more specifically at the lower PPM data, where a lot of data was accumulated,
the data follows the trend well.
When the data gets above 10 PPM, the piston method data begins to become less
consistent. Although some points fill in along the line, about half of the data does not correspond
well to the fit line. It looks like the piston does work, but is inconsistent, especially at high PPM
measurements. Listed below are some possibilities where the errors and inconsistencies in the
data come from.
1. Leaks causing air to come into the vacuum. The piston exists in the real world, and
obviously a perfect vacuum cannot be achieved in the real world. Although these leaks
are usually kept to a negligible amount, sometimes visible leaks did occur when testing.
Any time air bubbles were seen entering the system, the test was immediately discarded.
However, if the bubbles were not detected when they occurred, the sample still could
have been included in the data.
2. Volume inaccuracies. Volumes were calculated by measuring the distance from the top
of the piston down, since the cylinder has the same area throughout the system.
However, the piston is pointed at the top to fit into the top plug (which forms a triangular
shape). The volumes added and subtracted from these values were estimated, and
inaccuracies were attempted to be minimized by taking larger water samples. A mistaken
volume ratio would cause the linear data to deviate from a perfect one-to-one match, but
would not cause lack of precision in data samples, and therefore would not be the cause
of random data points.
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3. Pressure Reading. This was discussed in Chapter 6, but the pressure transducer used to
get the pressure readings has an accuracy of 0.001 V. This may sound very accurate, but
every volt measured corresponds to 15 PSI, meaning that the system is measured in
increments of 0.015 PSI. When solving for PPM with a volume ratio of about 1:5, as
used in most of the tests, the PPM change in relatively large amounts for every change in
0.001 V. Small inaccuracies and lack of precision in early calculations can cause large
errors in the final equation.
4. Difficulties getting accurate measurements at higher air content values. Most samples
gathered to get higher air content readings were tap water. Although samples were taken
evenly and slowly, there was always a chance that air would get mixed up in the sample
and cause inconsistencies between readings because the uneven air content values inside
the water.
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Chapter 7
Conclusions and Recommendations Moving Forward

The results of the piston method tests were chronicled in Chapter 7, Testing Analysis and
Results. This testing showed some problems with the system, but there was enough correlation of
the data, especially at when testing lower air content samples. In order to help fix the problems
that were mentioned in Chapter 7, the following plan of action is recommended when moving
forward with the project. A second prototype of the piston should be redesigned with the
following qualities:
1. Smaller volume of water, but keeping a feasible volume ratio with available
Pressure Transducers.
2. More accurate Pressure Transducer.
3. More accurate and consistent volume measurements.
4. Easy to use (i.e. minimal force needed).
5. A good way to agitate the air in the water to make tests faster.
6. Smaller diameter cylinder and piston to make vacuum seals more reliable.
It is clear there is a need to refine the piston design. When the piston was designed, the
importance of volume ratio between the air content and water was unknown. Therefore, trial runs
were run at conditions that the design was not built for, and therefore the runs were not as
consistent or accurate as they could have been. Now that there is a better knowledge on how the
system and mathematics behind the system operates a new prototype can be designed with these
parameters in mind. First, if more accurate pressure transducers can be found and afforded, a
smaller piston and cylinder can be used. By reducing the size of the piston, less water is needed
to run a test, and this should translate to less time needed to completely disassociate the air from
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the water. Making the diameter of the piston smaller might also help minimize the force needed
to pull the piston and keep it lowered. Keeping the force down will minimize the difficulty of
operation, and make the overall system more manageable.
In addition, instead of finding volumes after designing the piston, designing the piston
with volumes in mind will make more accurate and consistent volume measurements. Doing all
the math and geometry up from might be tedious, but it will save a lot of time and trouble later
down the road. Designing stops to halt the piston at desired water levels will help keep pressure
readings more accurate and consistent.
Lastly, a better way to stir the water to agitate the air needs to be discovered. The VanSlyke apparatus stirs water with a magnetic bar that spins inside the water sample and only takes
about four minutes to fully de-aerate the 10 mL sample. The same spinner idea was attempted in
the Piston Method, but only caused inconsistencies. The water sample was too large for the
spinner to make an impact, even though it physically produced many more air bubbles from the
water. With a potentially smaller water volume, a spinner could make more of a difference in the
experiment time.
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Appendix A
Procedue of Opeation

This section describes the operation of the Van-Slyke apparatus. It is meant to help
future operators at the Garfield Thomas Water Tunnel. Even if new prototypes are developed, the
same process can be used.

Figure A-1 The Piston Method Prototype

Starting the test
1. Start with both of the top valves closed and the piston pressed against the very top of the
cylinder.
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Figure A-2 Start of Test

2. Pour the sample into the right (when looking at it) valve without opening the valve.
a. Note: if the valve is connected to a hose that’s connected to the tunnel, this step
is unnecessary. Just make sure the valve by the tunnel is open so water is in the
hose ready to enter the cylinder.
3. With the sample ready, open both the right and left valves while keeping the piston up
(this may be a little tricky at first). Cycle through some water to flush out any water left
over from previous samples.
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Figure A-3 Flush Water Sample

4. When done flushing, close the left valve and slowly let the water sample in without
letting in excess air. The piston should begin to fall as water fills the cylinder. Make
sure to fill the funnel continuously. If the water flow ends and the piston falls without
more water coming in, the sample becomes contaminated.

5. Let the piston lower down until it reaches the top of the specified line corresponding to
the volumes of water and air being used. Then, close the valve.
a. Note: The specified line was set semi-arbitrarily, but is based on getting the right
volume ratio of air and water.
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Figure A-4 Slowly Fill Cylinder

6. Put weights on the bottom block to lower the piston in a vacuum. Stop the piston when
the waterline is at the second specified line and record the voltage. This is the initial
voltage.
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Figure A-5 Record Initial Voltage

7. Allow the piston to go all the way down and rest on the two pegs. The operator will have
to pop the safety pin, then close it in order to get the piston all the way down.
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Figure A-6 Let Piston Sit and Separate Air from Water

8. Once the piston is resting at the bottom rung, let the piston sit for one hour.
Recording Voltage and Returning Piston
1. After the hour is up, record the temperature and air pressure.
2. Slowly let the piston up to the line recorded in Step 7 above, and record the voltage. This
is the final voltage.
The experiment is now done. However, the sample needs to be drained and the piston
needs to be brought back up.
3. Take off the weights slowly to let the piston back up. Make sure not to open any valves
until all weights are off the piston or else the weights will slam the piston down.
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Figure A-7 Take Weights Off

4. Once the weights are off and the piston has returned up, slowly open the right valve. The
piston should slide down and rest at the safety set of pins.

Figure A-8 Open Right Valve
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5. Close the right valve and open the left valve.
6. With the left valve open, raise the piston to drain the water out of the cylinder. When the
piston is all the way out to the top of the cylinder, close the left valve so both valves are
closed. This system is now ready for another sample.

Figure A-9 Drain Water

Finding the PPM
Now, the PPM code is ready to use.
1. Go into matlab and open PPM code.
2. Fill out the code with proper values. Put the first voltage recorded in for V1, and put the
second voltage recorded in V2. The code is listed in Appendix 1.
http://webbook.nist.gov/chemistry/fluid/
3. Find the water density and the water vapor pressure using NIST software and the values
recorded. http://webbook.nist.gov/chemistry/fluid/. To learn more about the matlab code,
please visit the appendix.
4. When all the values are filled in, run the code to get the air content.
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Note: This code will work for any future Piston Method using the same principles. The only
constants that would need to be changed would be the volume the air occupies and the volume the
water occupies. The whole code is listed in the Appendix.
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Appendix B
Van-Slyke Matlab Code
This is the code the Water Tunnel employees use to find air content using the Van-Slyke
apparatus.
%
% Input Parameters
%
WaterTemp=28;
% deg C
MercuryTemp=27;
% deg C
ManometerReading=100;
% mm Hg
ManometerConstant=48;
% mm Hg
% Density Coefficients
%
C_rho=[93.446075e-6, ...
12.94095e-9, ...
-0.2104038e-9, ...
0.40361884e-12, ...
-0.40562661e-15];
%
%
% Vapor Pressure Coefficients
%
C_pvap=[-75.334789e-3, ...
6.5230974e-3, ...
-0.1023569e-3, ...
1.7362389e-6, ...
-7.8074835e-9, ...
47.49406e-12, ...
-35.612075e-15, ...
5.7461871e-18];
%
% Density at Water Temperature
%
rho_H2O=C_rho(1)+ ...
C_rho(2)*WaterTemp+ ...
C_rho(3)*WaterTemp^2+ ...
C_rho(4)*WaterTemp^3+ ...
C_rho(5)*WaterTemp^4;
rho_H2O=rho_H2O*144*144;
%
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% Vapor Pressure at Water Temperature
%
%pvap_H2O=C_pvap(1)+ ...
%
C_pvap(2)*WaterTemp^1+
%
C_pvap(3)*WaterTemp^2+
%
C_pvap(4)*WaterTemp^3+
%
C_pvap(5)*WaterTemp^4+
%
C_pvap(6)*WaterTemp^5+
%
C_pvap(7)*WaterTemp^6+
%
C_pvap(8)*WaterTemp^7;
%pvap_H2O = pvap_H2O*760;
%pvap_H2O=pvap_H2O*0.01934;

...
...
...
...
...
...

pvap_H2O = 0.0006*WaterTemp^2 - 0.0006*WaterTemp + 0.1124;
pvap_HG = 0.0006*MercuryTemp^2 - 0.0006*MercuryTemp + 0.1124;

%
% Vapor Pressure at Mercury Temperature
%
%pvap_HG=C_pvap(1)+ ...
%
C_pvap(2)*MercuryTemp^1+ ...
%
C_pvap(3)*MercuryTemp^2+ ...
%
C_pvap(4)*MercuryTemp^3+ ...
%
C_pvap(5)*MercuryTemp^4+ ...
%
C_pvap(6)*MercuryTemp^5+ ...
%
C_pvap(7)*MercuryTemp^6+ ...
%
C_pvap(8)*MercuryTemp^7;
%pvap_HG = pvap_HG*760;
%pvap_HG=pvap_HG*0.01934;

%
AC_ppm=((ManometerReading-(ManometerConstant+(pvap_H2O-pvap_HG)))/ ...
((1)*(273.16+WaterTemp)))*57.78
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Appendix C
Piston Method Matlab Code
This is the Matlab code developed to get the Air Content from the Piston Method.

%Air content PPM calculator
%INSTRUCTIONS:
%
%
%Enter the temperature below in Farenheit for T.
%
%Enter the final Voltage and Initial Voltage recorded
%
%To find density from a T/P table for water, follow these
%instructions:
%
1.Go to http://webbook.nist.gov/chemistry/fluid
%
2.Choose water
%
3.Choose T in F
%
4.Choose pressure in psia and density in g/ml
%
5.Keep isothermal properties checked
%
6.Press button to Continue
%
7.Enter the temperature and pressure. Enter the Pressure in both
P_low
%
and P_high. Leave P_increment blank.
%
8.Uncheck number 3 and hit Press for Data button.
%
9.Read Density in g/ml on table, and enter value below for rho.
%
%To find the vapor pressure, follow these instructions, or use the
%estimated curve shown below:
%
1.Go to http://webbook.nist.gov/chemistry/fluid
%
2.Choose water
%
3.Choose correct T you want to use (K, C, or F)
%
4.Choose pressure in psia and density in g/ml
%
5.Choose Saturation properties — temperature increments.
%
6.Click Press to Calculate
%
7.Enter temperature, same in T_low and T_high. Leave T_increment
blank.
%
8.Uncheck box in number 2 and hit Press for Data button.
%
9.Read Vapor pressure from one of the tables (they should be the
%same)
%
%Enter the volume that the air and water occupied when deltaV was
%recorded.
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T = 84;
T = (T-32)*5/9;

%T in Fahrenheit

final_V = 0.162;
initial_V = 0.034;
%change in voltage recorded
deltaV = final_V - initial_V;
T_k = T + 273.16;
%T in Kelvin

%denisty of water in g/mL (.001kg/m^3).
%Vapor pressure of water in psi.
P_vapor = 0.0006*T^2 - 0.0003*T + 0.1136;
rho = 1;

Vgas = 86;
Vwater = 411;

%Volume the air occupies
%Volume the water occupies

deltaP = deltaV*15;
R = 82.0575;
atm)/(mol-k)
Mwater = 18.016;

%5V = 75 psi, so 1V = 15 psi
%R is the universal gas constant in (ml%The molar mass of water: 18.016 grams/mole

%Parts Per Million, air content
PPM = (10^6)*(deltaP-P_vapor)*(Vgas/Vwater)*Mwater/(rho*(T_k)*R*14.6959
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