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Abstract: 
 
WaterFurnace is a manufacturer of geothermal heating and cooling systems. They require that all 

their units pass a series of tests before it is shipped to the customer. WaterFurnace can save both 
time and money by modifying two of these tests. The first test is to detect any leaks in the 
system, and the second test verifies that a high pressure safety switch is working properly. 

Previously, leaks were found using helium and a mass spectrometer, and the pressure safety 
switch is tested by turning on the internal compressor to build up pressure. The issue with these 

methods is that helium is expensive and using the internal compressor takes too long to increase 
the pressure to the required level. The designed testing equipment must replace helium with a 
new testing gas and reduce the time it takes to test the pressure switch.  

 
The purpose of this report is to completely describe the build process based off of the design 

described in Report #1 and the testing/operation of the equipment. Before the build was started, 
there were four major modifications we made to the design; removed the leak detection test from 
the project, recycling nitrogen, building the station on a mobile cart, and how to visually show 

the pressure switch passed. These modifications are a result of adding requirements to the 
original requirements, and consequences from not replacing the leak detection test. During the 

build there were some difficulties to work through; the most significant difficulty was the intake 
tank to the compressor being pulled into a vacuum. After successfully building the prototype, its 
performance was tested to verify it met the requirements. 
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Section 1.1: Description of Overall Design 

 

Section 1.1.1 Leak Test 

 

The first part of the project was to test each of the manufactured geothermal units for leaks. 

Previously, leaks were found using helium and a mass spectrometer, and this was the system that 
needed replaced. At the end of the design phase, reference Report #1, the best option for testing 

leaks for WaterFurnace’s application was to use a pressure decay test. Using a pressure decay 
test eliminated the use of helium in the test and is the most accurate way to test for leaks without 
using helium and a mass spectrometer. It would utilize nitrogen, which was already supplied to 

the station at 90 psi. 

 

Section 1.1.2 Pressure Switch Test  

 

The second part of the project was to test the pressure switch that is installed on all of the 

manufactured geothermal units. Previously, the pressure switch was activated using the internal 
compressor, a process that was too long. The pressure switch testing equipment built and 

installed for WaterFurnace uses an external compressor, and nitrogen as the working gas. Since 
compressor’s lifespan increases significantly if the compressor is allowed to run during longer 
periods of time and not turning on and off frequently four tanks were included in the build. By 

using multiple tanks the compressor doesn’t have to turn on and off for each test, because the 
nitrogen that is supplied comes from a large reservoir that can supply multiple tests. The 

calculations for this are shown in Testing/Verification. See Figure 3 for the schematic of the 
pressure switch test system. 
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Figure 1: 3-D Model of the pressure testing schematic

 

Figure 2: 2-D view of the pressure testing schematic 

From reserve tank 

To unit 
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Figure 3: Pressure switch testing system schematic 

The following is the step by step instructions of how the test is performed, including what the 
operator has to do and how the equipment operates. The steps reference components from 

Figure 3. 

1) Liquid nitrogen is vaporized from the nitrogen storage tank (1) and is readily available at 90 
psi.  

2) The compressor (4) input is designed for atmospheric pressure so a regulator (2) will regulate 

the nitrogen to 0 pisg into the next set of tanks (5). 

3) The compressor increases the pressure to a pressure of 3500 psi and nitrogen is stored at that 
pressure in the high pressure tanks (5) until it is needed to charge the geothermal unit with 

nitrogen. 

4) The start of the test occurs when the tester sends a signal to Valve 1 (7) to allow the nitrogen 

to go into the geothermal unit. This first valve is a slow opening valve. 

 5) When the pressure switch trips, a signal will again be sent to Valve 1 to shut the valve. This 

same signal will also be sent to Valve 2 (6) to open it. This valve leads to the atmosphere. Valve 
2 remains open until the tester sees the pressure is roughly 0 psig. At that time, the operator will 

send a second signal indicating the test is over and to close Valve 2.  

Requirement/ 

Specification 

Description Requirement 

Met 

Comments 
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Table 1: Below is a list of all the requirements and specifications for the original design of the 

equipment formed by WaterFurnace.  

 

 

Test Time The total test time for both test < 3 

minutes 
Yes Test can be run simultaneously, and both 

take under 3 minutes. 

Combine Test Both test fit in one station, and can be 

operated by one worker 
Yes When finally integrated into the existing 

line, the same operator will be able to run 

both.  

Pressure Test For the pressure switch test to work the 

pressure must be > 610 psig 
Yes High pressure tanks can be as high as 

3500psig and regulated down as required. 

Switch 

Functionality 

Visually Indication that the pressure 

switch is functioning 
Yes A computer at the station will indicate 

pass or fail. 

Allowable Leak The leak that must be detected is a leak 

>0.1 oz/year 
No This requirement was not met because 

there is no better way of testing than what 

they currently use. 

Leak Detection 

Repeatability  

The leak detection test must catch 
100% of the all leaks that are greater 

than 0.1 oz/year 

No This requirement was not met because 
there is no better way of testing than what 

they currently use. 

Size  The space provided for the test 

equipment is 4 ½ ft. by 2 ft. Floor Area 
No Available space depended on if the 

current leak test system was replaced. 

Cost Limitation The budget was specified as $15,000 Yes This number was flexible depending on 

the cost savings of the project. 

Production Line The connection to the unit must fit 

their current fittings 
Yes When finally integrated into the existing 

line the same operator will be able to run 

both. 

Fit into Line Easily integrated with the existing line  Yes When finally integrated into the existing 

line, the equipment will fit into their line. 

Safety All OSHA and UL Safety Standards 

must be met 
Yes All safety regulations were researched 

and met. 

Working Gas Dry and Nontoxic Yes Nitrogen is a dry nontoxic gas that can is 

already available in the plant. 

Automation Test runs without an operator Yes When finally integrated into the 
existing line, the system will be 

automated with the exception of 
connect and disconnect 
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Section 1.2 Preliminary Modifications 

 

Prior to starting the build, there were some modifications made to the design. These 
modifications were made because of the difficulties that were presented in the design phase, and 
because after the design was presented to WaterFurnace more requirements were added to the 

project. There were four major modifications and they are; to remove the leak detection from the 
project and continue the build phase with just the pressure switch test, make the equipment for 

the pressure switch test portable, recycle nitrogen from the pressure switch test back into the 
system, and to record if the switch being tested passed or failed. These modifications made the 
original design more complex and added changed the cost of the project. 

A pressure decay test is the primary device in the leak test. A pressure decay test works by 

measuring the starting pressure of system, and over time if there is a leak, the pressure will drop 
and will indicate the leak and the size of the leak. The device has an input for a gas supply and 
within the device is a regulator that controls the pressure that enters the system. The system uses 

a list of parameters including volume and pressure to help calculate the correlation between the 
pressure drop and the leak rate. A leader in manufacturing leak detection equipment is Cincinnati 

Test System, and they have a unit called the Sentinel I-28 that best fit the needs of the project. 
After completing the first phase of the Senior Design project, the results were presented to 
WaterFurnace. WaterFurnace then made the decision that using a pressure decay test was not a 

solution they could use in their application because the units were too big and the leak rate that 
was being tested for were too small for a pressure decay test to detect in the allowable amount of 

time. Figure 4, below, is from Report #1 that shows the groups findings that WaterFurnace used 
to make this final decision. The figure shows that that it will take over 9 minutes to indicate that 
a leak is present and this is not an acceptable time for the test to be completed. 
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Figure 4: Amount of time it would take for a pressure decay of 0.00001 psi to occur and the 

corresponding mass flow rate that can be detected. For this graph, the following assumptions 

were made: no temperature change, an initial pressure of 90 psig, and a volume of 0.4 𝑓𝑡3were 

used. 

Without the leak test portion of the project, the group continued with the pressure switch test, 
which WaterFurnace was still interested in implementing. Not replacing the helium test affected 

amount of floor space designated for the equipment. This is because the area designated to the 
project was based on replacing the current equipment used to test for leaks. Since this was no 
longer available other alternatives were explored. Instead of having the compressor by the station 

where the test is completed it was designed to be mobile so that WaterFurnace could locate it 
wherever they needed it. This will be done by constructing a wooden cart to house all of the 

components of the design.  

Another large preliminary modification was based off an added suggestion from WaterFurnace, 

after the design was completed, to design the system so that it is capable of “recycling” some of 
the nitrogen. This can be completed by adding an additional tank, or series of tanks, before the 
tanks that feed into the compressor. This new tank will then have two lines leading into it, one 

from the bulk tank and the other from the geothermal unit.  This change makes the equipment 
more efficient and reduces the amount of nitrogen used. The schematic below shows the pressure 

0 5 10 15
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

X: 9.202

Y: 0.1001

Time [min]

M
a
s
s
 F

lo
w

 [
o
z
/y

e
a
r]



11 | P a g e  
 

switch test system with a recycled process included. See Figure 5 for the new schematics of the 
pressure switch testing system. 

 

 

Figure 5: Pressure switch testing system with recycling nitrogen schematic. 

The following is the step by step instructions of how the test is performed, including what the 
operator has to do and how the equipment operates if some of the nitrogen is recycled. The steps 

reference Figure 5. 

1) Liquid nitrogen is vaporized from the nitrogen storage tank into the first vessel, 

“Recycled Nitrogen Tank” (2) at 90 psig. 

2) The compressor (5) input is designed for atmospheric pressure so a regulator (3) will 

regulate the nitrogen to 0 pisg into the next set of tanks (4). 

3) The compressor increases the pressure to 3500 psi and nitrogen is stored at that pressure 

in the “High Pressure Tank” (6) until it is needed to charge the geothermal unit with 

nitrogen. 

4) The start of the test occurs when the tester sends a signal to Valve 1 (9) to open and 

pressure starts to build in the geothermal unit.  

5) When the pressure switch trips, a signal will again be sent to valve 1 to shut it. This same 

signal will also be sent to Valve 3 (7) to open it. This valve leads to the Low Pressure 
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Vessel and nitrogen is released into this tank. This will increase the pressure inside of the 

“Recycled Nitrogen Tank”. 

6) Valve 3 remains open until the switch is reset, and at that time Valve 3 closes and Valve 

2 opens. Valve 2 (8) leads to the atmosphere. 

7) Valve 2 remains open until the tester sees the pressure is roughly 0 psig. At that time, the 

operator will send a second signal to close Valve 2.  

8) At this time, all valves are closed again and ready for the tester to send another signal to 

start the next test. 

Another change that WaterFurnace made to their requirements after the design was completed 
was that they needed to record the time that each switch tripped and reset. This was not 
originally part of the requirements, so again the design was changed to meet these requirements. 

The original requirement was that there was a visual indication that the pressure switch tripped 
and reset. So instead of the original design of a LED light, a signal will be send to a computer. 

The signal both records that the geothermal unit passed and displays the state of the switch so the 
operator knows if the test worked.  
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Table 2: After the modifications to the project a new set of requirements and specifications were 

formed by WaterFurnace for the project.  

Requirement/ 

Specification 

Description Requirement 

Met 

Comments 

Recycle 

Working Gas 
Be able to recycle the nitrogen Yes The system will be able to reuse some of 

the nitrogen instead of venting it all to the 

air. 

Record Unit’s 

Results 

Record individual unit’s results for the 

pressure switch test. 
Yes A computer at the station will be able to 

log all of the testing results. 

Mobility Easy to move the system. Yes A mobile cart was constructed for the 

station. 

Test Time The total test time for both test < 3 

minutes 
Yes Test can be run simultaneously, and both 

take under 3 minutes. 

Pressure Test For the pressure switch test to work the 
pressure must be > 610 psig 

Yes High pressure tanks can be as high as 
3500psig and regulated down as required. 

Switch 

Functionality 

Visually Indication that the pressure 

switch is functioning 
Yes A computer at the station will indicate 

pass or fail. 

Cost Limitation The budget was specified as $15,000 Yes This number was flexible depending on 

the cost savings of the project. 

Production Line The connection to the unit must fit 

their current fittings 
Yes When finally integrated into the existing 

line the same operator will be able to run 

both. 

Fit into Line Easily integrated with the existing line  Yes When finally integrated into the existing 

line, the equipment will fit into their line. 

Safety All OSHA and UL Safety Standards 

must be met 
Yes All safety regulations were researched 

and met. 

Working Gas Dry and Nontoxic Yes Nitrogen is a dry nontoxic gas that can is 

already available in the plant. 

Automation Test runs without an operator Yes When finally integrated into the 
existing line, the system will be 
automated with the exception of 

connect and disconnect 
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Section 2: Building Process 
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Section 2.1 Pressure Test Individual Components 

 

The biggest component for the pressure switch test is the compressor. The compressor is 
manufactured by North Shore Compressors. It’s designed to compress air for scuba gear. It is 
designed to pull air from the atmosphere and compress it into storage tanks. This means that the 

nitrogen to be compressed must be regulated down to atmospheric pressure. After talking with 
the company, they said their products have been used as nitrogen compressors in the past and felt 

comfortable using their product in our application. The compressor has a top pressure of 5000 
psi, but it will only be used to 3500 psi. When the compressor reaches 3500 psi it will turn off 
and remain off until the storage pressure is under 1000 psi, and at that time it will turn back on to 

supply the top pressure of 3500 psi. 

 

 

Figure 6: Top view of the North Shore compressor 
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There are a total of six storage tanks. Two of the tanks are before the compressor so they do not 
have much more than atmospheric pressure stored. The other four tanks are after the compressor 

and hold compressed nitrogen at 2000 psi until it is used in the test. The tanks are rated at 3500 
psi and have a volume of 2640 cubic inches. 

 

 

Figure 7: High pressure tanks connected together. These tanks will store nitrogen at 3500psi. 

There are two pressure transducers. The first one is a 0 to 5000 psi transducer and is installed in 

the line that connects the four tanks. The second transducer has a range of 0 to 1000 psi and is 
installed after the valve that opens into the geothermal unit. The data from these transduces are 

displayed on the screen so the operator can monitor it. They also act as safety features that will 
shut down the compressor if the pressure in the high pressure tanks gets close to its rated 
maximum pressure of 3500 psi, or close the valve if the pressure of the geothermal unit exceeds 

610 psi as well. 

 

Figure 8: Pressure transducer to send a digital pressure reading to the computer.  
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There are two regulators in the design. The first regulator is used between the bulk nitrogen line 
and the low pressure tank. This is used to regulate the pressure from the storage tank, which is 

stored at 100 psi, to 0 psig. The second regulator is the high pressure regulator which is used to 
drop the pressure from the storage tank to the pressure that the test is performed at. The tanks are 

going to be between 3500 psi to 1000 psi, depending how long it has been since the compressor 
has been running. This high pressure is regulated down to 650 psi which is the pressure at which 
the test is completed. 

 

 

Figure 9: Low Pressure tanks store nitrogen at 0 psig so nitrogen needs to be regulated down 

from the supplied 90 psi. 

  

Figure 10: Regulator to regulate nitrogen from 3500 psi to 650 psi. 
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The valves are 2-way ¾” NPT port solenoid valves. The valves are rated for 1500 psi, and since 
they are located after the high pressure regulator, they are within their safety range. The valves 

are used to open the way to charge and discharge the geothermal units with nitrogen. 

 

Figure 11: 2-Way valves used to charge and discharge the geothermal unit. 

ThinkCentre M73 is the computer behind the whole system. The programming was all done 
using Visual Studio as the PC interface and the micro controller is Arduino IDE. The computer 

has a storage capacity of 500GB, therefore it holds every data it records from each test. 

 

Figure 12: The ThinkCentre M73 is considered a “tiny desktop”, and is capable of running the 
appropriate software.  
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Section 2.2 Initial Assembly 

 

The assembly of the station started with the assembly of the mobile cart. Since the cart is 
temporary and not part of the project, materials used were ones that were readily available or 
were inexpensive. The base of the cart is made from an old pallet with a piece of plywood nailed 

to it. This can be seen Figure 13. 

 

Figure 13: Base of mobile cart is made of old pallet. 

‘  

Figure 14: There are wheels on the cart that makes it easy to move. 
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From this, the rest of the frame was formed by using 2x4’s and 2x8’s. With the dimensions of the 
tanks known, support beams were placed to secure the tanks in place. Additionally, some boards 

were added to attach the solenoid valves and electrical box to. Figure 15 shows how the support 
beams were positioned to hold the tanks in place, Figure 16 shows the solenoid valves attached 

to the board, which is a 2-Way valve capable of withstanding pressures of up to 1500 psi which 
is why it is ideal for our project, since we are dealing with high pressures, and Figure 17 shows 
the electrical compounds on a second board. 

 

Figure 15: Top view of the cart with the tanks and compressor showing support beams 

Support Beams 
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Figure 16: Installed solenoid valves attached to cart. 

 
 

Figure 17: Installed electrical components attached to cart. 
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After the frame was put together, the tanks, valves, and compressor were placed into position.  
The following steps included cutting tubes and pipes to size and attaching the fittings to the end 

of the tubes. After all materials were in the group’s possession and pipes were cut to size the 
whole station was fitted together. After verifying that everything fit together, all threaded 

connections were taken apart so pipe sealing tape and a pipe joint compound could be applied to 
the connection points. Figure 18 shows the tape being applied and Figure 19 is the compound 
used. When the assembly was put back together the whole system was tested for leaks using 

helium and WaterFurnace’s mass spectrometer.  

 

Figure 18: Pipe thread tape being applied to required connections. 

  

Figure 19: Pipe joint compound used to seal all connection points. 

With the whole assembly together the next step was to connect it to power and to program the 
system. Since the compressor uses 3-phase power, the maintenance department at WaterFurnace 
did all the electrical work. They also helped with wiring valves and programming the controls 

from the engineering department at WaterFurnace.  
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Section 2.3 Difficulties 

 

During the building process, the fittings on the high pressure side of the system got cross 

threaded and caused severe damage to the fittings. The damage caused us to reorder the fittings 
which caused a delay in the build. Another issue was with the structure of the mobile cart, which 
was not strong enough to hold the weight of the system without having some deformation. This 

caused issues in the places where it was important that everything lined up because of the hard 
piping, specifically the low pressure tanks. The fittings in this area did not fit together like they 

originally did so some modifications were necessary. The group also had issues with sealing the 
connections. After applying the tape and compound, the helium leak test revealed that there were 
multiple areas that had leaks. To fix these leaks, some of the connections had to be taken apart 

and redone. 

 

Figure 20: In the assembly process some of the threads of the fittings were damaged. These 

fittings needed to be reordered. 
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Figure 21: Low pressure tanks needed to be removed due to deformation of the cart. 

 

The last difficulty was with the compressor. The low pressure tanks are required to remain at an 
atmospheric pressure. With this restriction, these tanks cannot hold a lot of gas without raising 

the pressure, so if the flow rate of the intake to the compressor is greater than the flow leading 
into the tanks it doesn’t take long to be pulled into a vacuum. This was exactly what happened 

the first time the compressor was run. We knew it was being pulled into a vacuum because there 
is a vacuum gage connected to the tanks, so the compressor was turned off before any damage 
was done. After evaluating the problem, several different steps were taken. First an additional 

regulator was added upstream from the original regulator and set to 15 psig. With less pressure 
leading into the tanks a larger hose could be used. The hose sizes was increased from ¼” to a 1” 

diameter tube. Another issue found was that there was a valve on the compressor that was 
cracked open. After closing it completely, the compressor was again turned on. At first the 
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pressure dropped again, but by adjusting the regulator the system stabilized and fell into 
equilibrium. 

  

Section 2.4 Modifications 

 

Before the start of the build, there was a modification to the design to allow for recycling a 
portion of the nitrogen to be reused. All the parts, excluding the storage tanks, were purchased 

and installed to perform this function. However, for troubleshooting reasons it was best to test 
the system without the recycling function with the intention of utilizing it after it has been tested 

on the assembly line. Therefore, all of the nitrogen in the geothermal unit will be vented to the 
atmosphere until that time. As mentioned previously, there were issues lining up the two low 
pressure tanks due to deformation. This resulted in moving the tanks off the cart and setting them 

beside the cart. They are secured to the frame by chains that wrap around them. This makes the 
assembly harder to move, however the tanks can easily be disconnected and moved separately.  

The other modifications were a result of the difficulties, and more details of the changes can be 
found in Section 2.3 Difficulties. These modifications including moving the low pressure tanks 

off the cart because of alignment issues, increasing the pipe size of the nitrogen line leading into 
the low pressure tanks, and adding an additional regulator before the low pressure tank.  

 

Section 2.5 Programming Controls: 

 

After some thought and discussion on how the electrical equipment would be controlled and 

monitored, WaterFurnace revealed to the group that they have a very experienced group of 
electrical engineers that could take care of the electrical portion of this build. After giving them 
the specs of what was needed and the components that would be used, they were able to come up 

with the wiring diagram shown in Figure 23. After the build was mostly done, they assisted in 
installing all of the components.  

After the components were all wired up, the system could be monitored by a computer and a 
program that can be seen in Figure 22. It can be seen that this program is able to monitor the 

pressure of the tank and the unit as well as the position of the three different valves.  
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Figure 22: Pressure test monitoring program. The time of the picture the transducers were not 

hooked up so the pressure values have no meaning here. 
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Figure 23: Pressure switch testing system with recycling controls schematic 
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Section 3: Testing and Validation 
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Section 3.1: Pressure Switch Test 

 

Parameters 

The requirement for this test is that it has a maximum run time of 3 minutes. This includes 

connecting the supply line to the unit, charging with nitrogen, and then discharging the nitrogen 
to a pressure that will allow the operator to safely remove the line from the unit. The rest of the 

nitrogen will be vacuumed out in the next station. The time to charge and discharge the unit is 
the parameter to be tested.  

Set up 

The set-up of the test is to have a high pressure tank connected to the largest volume unit (or a 

vessel with the same volume). Between the compressor and the vessel, there is a regulator and 
two ball valves. The regulator sets the pressure that the unit will be subject to. By opening the 
first valve, the unit is charged with nitrogen. Opening the second valve discharges the gas into 

the atmosphere. Pressure gauges will be attached to the unit and the nitrogen supply line. 
Attached to the pressure switch is the visual indicator. During testing this can be a light fixture or 

a multimeter. 

 

Figure 24: Equipment needed for testing pressure switch. 

Procedure 

1) Remove all air/nitrogen from test unit so that the starting pressure is 0 psig. 

2) Attach largest volume unit to the supply line from the high pressure tank. 

3) Set the regulator at 650 psi. 

4) Open the two-way valve so that nitrogen can flow from the high pressure tank to the unit. 

5) Record the increase of pressure with a camera to review later. 
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6) When the pressure inside the unit reaches 610 psi verify the visual indicator shows the 

switch has been activated. 

7) Close the two-way and open a second valve open to the atmosphere.  

By following the above procedure, an adequate measure of how long the largest unit will take to 
charge with nitrogen will be found. With this information, a prediction can be made if the test 

will be completed in the allowed amount of time for all size units. 

Results 

WaterFurnace required the new system had to achieve a fill up time so that the station took less 
than 3 minutes. That means the fill time needs to be less than 1 minute to allow for Connect, 

discharge, and disconnect.  To test for this requirement the system was run on a single 
geothermal unit. The test consisted of running the system and getting it to operating pressure. 

Once the system achieved this operating pressure a valve was opened and released pressure into 
the unit. The pressure in the unit rose until the pressure switch tripped and a light bulb lit up. The 
following graphs and comparisons came from this process and previously calculated prediction 

fill times. 

 

 

Figure 25: The data above represents the fill time of one geothermal unit under two different 

source pressures. This is comparable to previously calculated results. 

 

Each of the test runs can be compared back to a predicted time from calculations shown below. 

When gas stored under pressure in a closed vessel is discharged to the atmosphere through a hole 

or other opening, the gas velocity through that opening may be choked (i.e., has attained a 
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maximum) or non-choked.  Choked velocity, which is also referred to as sonic velocity, occurs 

when the ratio of the absolute source pressure to the absolute downstream ambient pressure is 

equal to or greater than [(k + 1) / 2] k / (k - 1), where k is the specific heat ratio of the discharged 

gas.  For many gases, k ranges from about 1.09 to about 1.41, and thus [(k + 1) / 2] k / (k - 1) 

ranges from 1.7 to about 1.9. This means that choked velocity usually occurs when the absolute 

source vessel pressure is at least 1.7 to 1.9 times as high as the absolute ambient atmospheric 

pressure. When that is the case, we can use Equation 1. Whenever the ratio of the absolute source 

pressure to the absolute downstream ambient pressure is less than [(k + 1) / 2] k / (k - 1), then the 

gas velocity is non-choked (i.e., sub-sonic) and the equation for mass flow rate is seen in 

Equation 2. In this case, we have both choked and non-choked. By examining Figure 25 the data 

shows that these two different rates are experienced. However, in the calculations there is a very 

small change in the rates. 

Equation 1 is used while the fluid flow is choked. This equation was referenced from 

http://www.air-dispersion.com/ and listed below are the variables used.  

Equation 1                                    𝑄 = 𝐶𝐴√𝑘𝜌𝑃 (
2

𝑘+1
)

(𝑘+1)
(𝑘−1)⁄

 

Q=  mass flow rate, kg / s 

C=  discharge coefficient     (dimensionless, usually about 0.72) 

A =  discharge hole area, m 2 

k =  cp / cv  of the gas  =  the isentropic expansion coefficient 

ρ =  real gas density, kg / m 3 at P and T 

P=  absolute source or upstream pressure, Pa 

PA=  absolute ambient or downstream pressure, Pa 

 

Equation 2 is used while the fluid flow is non-choked. This equation was referenced from 

http://www.air-dispersion.com/ and listed below are the variables used. 

 

Equation 2                                    𝑄 = 𝐶𝐴√𝑘𝜌𝑃 (
𝑘

𝑘−1
) [(

𝑃𝐴

𝑃
)

2
𝑘⁄

− (
𝑃𝐴

𝑃
)

(𝑘+1)
𝑘⁄

] 

Q=  mass flow rate, kg / s 

C=  discharge coefficient     (dimensionless, usually about 0.72) 

http://www.air-dispersion.com/
http://www.air-dispersion.com/
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A =  discharge hole area, m 2 

k =  cp / cv  of the gas  =  the isentropic expansion coefficient 

ρ =  real gas density, kg / m 3 at P and T 

P=  absolute source or upstream pressure, Pa 

PA=  absolute ambient or downstream pressure, Pa 

 

 

Comparison for 650 psi 

The experimental data shows the initial rise for the source pressure to achieve 400 psi in the first 
3 seconds and achieves 650 at 10 seconds. This suggests that the point where the system’s back 

pressure slows the fill around 400 psi. We calculated under ideal circumstances that this point 
would be 377 psi and be achieved at .5 seconds. This will be the pressure under which the test is 
usually operated on. 

 

Figure 26: The data above represents the fill time of one geothermal unit with a 650 psi input 
and is compared to the fill time found through calculations 
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Comparison for 800 psi 

The experimental data shows the initial rise for the source pressure to achieve 350 psi in the first 
1 second and achieves 650 at 6 seconds. This suggests that the point where the systems back 

pressure slows the fill is around 350 psi. We calculated under ideal circumstances that this point 
would be 464 psi and be achieved at .5 seconds. From these results, it appears that the gap 
between calculated and actual data increases. 

 

Figure 27: The data above represents the fill time of one geothermal unit with an 800 psi input 

and is compared to the fill time found through calculations 

 

Conclusions 

The data came out as expected, since the original projections seemed far too fast for natural 
conditions. However, the predicted choked to non-choked point seemed to lay out realistically 

with the experimental data which ensured confidence in our original calculations. The gap 
between the experimental data and projected calculations grew when the operating pressure 

increased therefore the current operating pressure is 650 psi. Additionally, the time for the unit to 
discharge into the atmosphere was also recorded, but not tracked. The overall time to discharge 
the unit was 30.1 seconds. Adding this time to the charge time of 7 seconds  the test, without 

connect and disconnect, takes less than 40 seconds. 
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Section 3.2 Leak Detection Test 

 

Parameters 

For this test, the goal is to verify the projected times and results calculated from the design phase 
of these project. To accomplish this, we will vary the volumes of the units and starting pressures 
inside the units. We will run the tests on a pressure decay machine at WaterFurnace.  

Set up 

A vessel that is completely sealed so that it will pass a pressure decay test must be obtained. The 
vessel must be able to hook up to the pressure decay testing equipment supplied by 

WaterFurnace. 

Procedure  

1) Obtain the 0.1 ft^3 volume unit. 

2) Charge the unit to a pressure of 90 psi. 

3) Connect to the pressure decay test equipment.  

4) Start the test. And record with camera to review later. 

5) This completes the control test. Now drill the .078” hole in the unit. 

6) Repeat steps 2-5. 

This data will allow a comparison between the projected times and actual.  

Results  

There was an attempt at getting some measurable data to confirm our results from last semester. 
During this test a vessel is tested that does not leak. Afterwards it is tested with a known hole 
size that could be used to compare to calculations.  
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Figure 28: The control test gave the pressure decay of a vessel that passed the decay test. 

The problem with attempting this test was the pressure decay machine being used cannot be 

hooked up to a geothermal unit. The group solved this issue by using a different vessel with a 
known volume. A second problem was creating a leak with a known size that the machine can 
measure. This deemed more difficult than anticipated since to be able to run the test, the pressure 

must be able to reach 90 psi. After it reaches this value, the test begins and displays the leak rate. 
However, the smallest hole we could make and still know the size was too large and the test 

would not run. 
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Figure 29: A decay rate could not be obtained because the pressure could not build enough to 

even run the test. 

Attempting the test with the smallest drill bit available resulted in the pressure decay machine 

never reaching a stable enough pressure to collect data from. The only other option to get a stable 
enough pressure was to cover the hole with our finger and slowly release pressure. This gave us 
some data but resulted as inconclusive due to the fact the actually hole size was unknown. 
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Figure 30: Results were obtained, however, with size of the hole unknown due to a modification 

to the hole size we were not able to compare to calculated results. 

Conclusions 

 

Despite the hard work and time invested into this test. It was not determined whether or not the 
projected calculations were correct. However, it is clear that the equipment available to test and 

confirm the data was stretched to its limit and falls short of what was needed to accomplish the 
task. It isn't worth purchasing a machine capable of testing these results either since the only gain 

from doing so is the result of confirming that it cannot perform the task needed by 
WaterFurnace. 

In addition to testing the time it takes to charge and discharge a unit, other test were performed 
as well to better understand the performance of the system. Below are the calculations and 

predictions on how often and how long the compressor will have to run. 
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Section 3.3 Decay of High Pressure Tanks Test 

 

Parameter: 

The parameter of the test is the pressure drop in the high pressure tanks as units are filled.  

First, to predict how long the compressor could remain off the ideal gas law was used and 
manipulated to solve for the remaining pressure in the tanks after “n” number of tanks were 

tested. 

Ideal Gas Law: 

𝑃1𝑉1

𝑇1

=
𝑃2𝑉2

𝑇2

 

Assuming isothermal process and accounting for the unit being tested the equation becomes: 

𝑃1𝑉1 = 𝑃2𝑉2 + 𝑃𝑢𝑛𝑖𝑡𝑉𝑢𝑛𝑖𝑡  

𝑃1 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑇𝑎𝑛𝑘 𝑏𝑒𝑓𝑜𝑟𝑒 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝑖𝑠 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑉1 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑇𝑎𝑛𝑘 𝑏𝑒𝑓𝑜𝑟𝑒 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝑖𝑠 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑃2 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑇𝑎𝑛𝑘 𝑎𝑓𝑡𝑒𝑟 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝑖𝑠 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑉2 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑇𝑎𝑛𝑘 𝑎𝑓𝑡𝑒𝑟 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝑖𝑠 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑃𝑢𝑛𝑖𝑡 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑉𝑢𝑛𝑖𝑡 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑈𝑛𝑖𝑡 𝐹𝑖𝑙𝑙𝑒𝑑 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑖𝑡𝑠 

 

Solve the equation for 𝑃2: 

𝑃1𝑉1 − 𝑃𝑢𝑛𝑖𝑡𝑉𝑢𝑛𝑖𝑡 ∗ 𝑛

𝑉2

= 𝑃2 

This was put into Excel with the following results: 
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Figure 31: Pressure of the high pressure tanks vs. the number of tanks filled. 

 

 

Set-Up: 

A compressor is hooked up to four high pressure tanks each with a volume of 1.525 𝑓𝑡3. 

The compressor is run so that the pressure in the tanks is above 2000 psig. Connected to 

the output of the high pressure tanks is a fitting that can be connected to the unit. 

Procedure: 

1) Record the initial pressure in the high pressure tanks. 

2) Hook a unit up to the high pressure tank. 

3) Fill and empty the unit five times. 

4) Record the final pressure in the high pressure tanks. 

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35 40 45 50

P
re

ss
u

re
 o

f 
Ta

n
k 

(p
is

g)

Number of Tanks Fil led

Storage Tank Pressure



40 | P a g e  
 

Results: 

Compare results of the test to the calculations of the pressure drop in the high pressure tanks as 
units are filled. 

b           

 

 

 

 

Section 3.4 Time to Charge High Pressure Tanks Test 

 

Parameter:  

The time it takes to refill the high pressure tank is calculated using the compressibility chart seen 
in Table 1. The compressibility chart equates how much volume is occupied by 1𝑓𝑡3gas at a high 

pressure at atmospheric pressure. Then it was needed to calculate the difference between the 
volumes at different pressures and then multiply by the volume of the tanks. After that was 

accomplished it needed to be divided by the flow rate of the compressor. Example provided. 

 

1 cf at X1 psia = X2 cf at 14.7 psia 

1 cf at Y1 psia = Y2 cf at 14.7 psia 

Available volume at 14.7 psia =Y1-X1=Z1 scf 

We have a total of V cf in the high pressure tank 

Figure 32: Pressure after 5 

units are tested. 

Figure 33: Pressure before 

the test. 
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Z1*V=(Total Volume) cf 

(Total Volume)cf/(Flow Rate)cfm=(Time to Pressurize) minutes. 

 

 

The parameter of the test is the time it takes to pressurize the high pressure tanks.  

Set-Up: 

A compressor is hooked up to four high pressure tanks each with a volume of 1.525 𝑓𝑡3.  

Procedure: 

1) Record the initial pressure in the high pressure tanks. 

2) Turn on the Compressor 

3) Time how long it takes increase the pressure by 200 psig. 

4) Record the final pressure in the high pressure tanks. 

Results: 

Compare results of the test to the calculations of the time it takes to pressurize the high pressure 
tanks. 

 

1 cf at 2000 psia = 134.9 cf at 14.7 psia 

1 cf at 1800 psia = 122.3 cf at 14.7 psia 

Available volume at 14.7 psia =134.9-122.3=12.7 scf 

We have a total of 6.1 cf in the high pressure tank 

12.7*6.1=71.65 cf 

71.65cf/9cfm=8.57minutes. (Theoretical)  

It took 15 minutes to charge from 1800 psi to 2000 psi. (Tested) 

However, if the compressor is not running at 9 cfm then it will take longer for the tanks to 
charge. 
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Table 3: Compressibility Chart used when comparing volumes at different pressures. 
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Section 3.5 Safety Verification 

 

In dealing with high pressures, there are certain precautions to be made to prevent any accidents 

to the person operating these high pressure systems and also damage to the equipment. These 

precautionary measures are set standards decided by the Occupational Safety and Health 

Administration (OSHA). Also, these standards are extended to anything dealing with an industry 

for the safety of the employees, and this also includes the allowable level of sound an employee 

can be exposed to during a work day. This could become an issue if the compressor is too loud. 

OSHA STANDARDS FOR HIGH PRESSURES 

The standards listed are from OSHA’s website, www.osha.gov. 

 1910.430(c)(2)(iii) - The hose should be resistant to accidental disengagement.  

 1910.430(e)(2) - Compressed gas cylinders be stored in a ventilated area and protected 

from excessive heat.  

 1910.430(e)(3) - Compressed gas cylinders or compressors must be secured from falling.  

  

Figure 34: The black tube leading up to the unit is the hose from the high pressure tanks. It has a 
chain rapped around it and that is then secured to the unit so if the connection is broken the black 

hose will not fly around. This follows standard number 1910.430(c)(2)(iii). 
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Figure 35: The high pressure tanks are secured by the support beams on the frame. This follows 
standard number 1910.430(e)(3). 

 

Figure 36: The low pressure tanks are secured by the chain that is connected to the frame. This 

follows standard number 1910.430(e)(3). 
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OSHA STANDARDS FOR NOISE LEVEL 

Noise is measured in units of sound pressure levels called decibels using A-weighted sound 

levels (dBA). Decibels are measured on a logarithmic scale which means that a small change in 

the number of decibels results in a huge change in the amount of noise and the potential damage 

to a person’s hearing. 

 1910.95(b)(1) - When employees are subjected to sound exceeding those listed in Table 

G-16, feasible administrative or engineering controls shall be utilized. If such controls 

fail to reduce sound levels within the levels of Table G-16, personal protective equipment 

shall be provided and used to reduce sound levels within the levels of the table.  

 

Table G-16 – Permissible Noise Exposures 

 

 

 1910.95(b)(2) – If the variations in noise level involve maxima at intervals of 1 second or 

less, it is to be considered continuous. 

 

 

 

 

 

Durations per day, hours Sound level dBA slow response

8 90

6 92

4 95

3 97

2 100

1 1/2 102

1 105

1/2 110

1/4 or less 115
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Figure 37: Using an application on an android phone called “Sound Meter” a sample of how 

loud the compressor is when it is running was taken. This image taken is directly from this 
application. The phone was within 3 feet of the compressor while it was running. 

 

This sample seen in Figure 37 indicates that by OSHA’s standards it is safe to work next to the 
compressor for an 8 hour period of time. 

 

Section 3.5 Other Requirement’s Verification 

 

Mobility 

To move the equipment from one location to another, requires only a disconnect from the 
nitrogen line to the low pressure tank, and disconnecting the low pressure tanks to the 
compressor. At that point, everything but the low pressure tank can be wheeled around on the 

made cart, while the low pressure tanks can be moved by a dolly.  

Production Line 

A quick connect fitting was required for the test equipment to save time when connecting and 

disconnecting the hose to the unit. The quick connect for the fitting on the unit was found and is 
made by the same manufacturer of the mating part. The quick disconnect follows the UL 
standards so it has a safety factor of three. 
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Figure 38: Quick disconnect that connects to the unit so the pressure switch can be tested. 

 
Working Gas 

The gas used in this test is nitrogen. The reason nitrogen was used was because it met the 

requirements that it was dry and nontoxic, and because it is a gas WaterFurnace uses nitrogen 
frequently already. The gas has to be dry because if moisture gets into the geothermal unit it 
causes internal damage to the unit. 

Converting Project from Prototype to Tool on Manufacturing Line 

The remaining requirements and specifications were not something that a tested prototype was 
ready to meet, but require WaterFurnace to do some manufacturing testing to fit it into their 

current line. There was not an adequate amount of time during the build semester to properly fit 
it into WaterFurnace’s manufacturing line. This is because the line cannot be interrupted to test 
the prototype on the line. However, all these requirements were considered and planned for in 

the design. Therefore, it will be easy for WaterFurnace to convert the prototype into a tool they 
can use on the line.  

Combining the Tests on the Production Line – WaterFurnace required that the test can be 
down alongside with the leak detection test. Because the test is designed to be automated, the 

operator can connect the hoses, press start on the test and then proceed with the leak test with 
very little time lost. 

Recycle Gas – The programming was done so that when it comes time to include a recycling 
phase into the test, it can be done with little changes. The only extra equipment needed by 

WaterFurnace is the tanks and connections. From experience with the rest of the project, this task 
can be completed quickly. 

Record Test Results – The computer is already at the station and ready to handle this 
requirement. Also, a similar process is already done at a different station so the knowledge of 

how to add this to this new test is already there. 

Automation - The programming was done so that when it comes time to automate the process 

it’s just a matter of implementing the function and testing it. 
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Section 4: Evaluation and 
Recommendations 
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Section 4.1 Cost Analysis   

 

Cost Savings 

After the modification, a testing system for the pressure switch using external compressor has 

been built. Currently, Water Furnace uses the compressor in the unit to build pressure for the 
pressure switch test. The new testing system will speed up the process by using a larger external 

compressor to perform this test. With the influx of large orders for small capacity commercial 
units, Water Furnace needs to speed up the testing time to produce these units faster. This new 
testing system using external compressor will help reduce the test time up to 5 minutes on the 

smaller commercial units. With the addition of the new system to the line, it will increase 
throughput by 6 units per hour. WaterFurnace states that they can make $100 on every unit. This 

means that every hour they can make an additional $600. Since they work 10 hour shifts, in three 
shifts they will have made an additional $18,000. This will more than recoup the cost of the 
materials for the project.  

Overall Cost 

All the costs are covered by Water Furnace. The pressure test equipment made up the vast 

majority of the budget. A 5000 psi compressor is provided at $7200 by North Star Compressors. 

6 high pressure cylinder cost $634. A computer and monitor cost $1050 in total. The remainder 

of the budget was dedicated to the hoses, valves, power supply and transducers. The nitrogen is 

supplied in bulk by WaterFurnace so the cost was not to be considered as a cost in the 

evaluation. 

  



50 | P a g e  
 

Table 4: Bill of materials and total cost analysis 

Bill of Materials 

Part Description Quantity Unit Cost  Total Cost  

Pressure Switch Test Sub System 

North Star 5000 PSI Compressor 3 phase 1 $7,200.00 $7,200.00 

Magnetic Starter 1    $210.00    $210.00 

Pressure Switch 1    $200.00    $200.00 

3500 PSI Used Dot Cylinders 6    $325.00  $1950.00 

Auto Drain 1    $940.00    $940.00 

0-1000 Pressure Transducer 1    $225.00    $225.00 

0-5000 Pressure Transducer 1    $225.00    $225.00 

¼” Stainless Tee High Pressure 6      $34.06    $204.36 

¼” Check Valve 2        $9.82      $19.64 

1” Check Valve 2      $20.20      $40.40 

2" high pressure stainless nipples 1/4" NPT 6      $11.00      $66.00 

1/2" to 1/4" stainless high pressure reducing bushings 6      $11.54      $69.24 

1" FPT X FPT x FPT Stainless Tee 2      $18.69      $37.38 

1" NPT x 1" Barb Stainless Fittings 2      $13.33      $26.66 

1" To 1/2" Stainless Reducing Bushing  4        $7.70      $30.80 

1/2" x 3" Stainless Nipple 4        $4.07      $16.28 

1/2" Stainless Pipe Union 1      $14.93      $14.93 

1/2" Stainless Ball Valve 2      $32.20      $64.40 

K-384 0-50 PSI regulator 1/2" FPT connection 1    $168.00    $168.00 

High Pressure Regulator 1    $375.00    $375.00 

Test Indicator Sub System 

Computer 1    $800.00    $800.00 

Monitor 1    $250.00    $250.00 

Test Gas Sub System 

Nitrogen Gas Tank Bulk --       $0.00 

Power Supply Sub System 

24v DC Power Supply 2   $169.00    338.00 

Crydom CMD 2425 SSR 5   $126.88 $634.40 

480V to 240V Step Down Transformer 30 KVA 1   $200.00 $200.00 

¾” 240V AC Solenoid Valve 1   $141.72 $141.72 

240V Relay SPDT 1     $28.29   $28.69 

Total Cost     $14475.90         
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Section 4.2 Evaluation 

From the previous semester we started out with the project with some certain requirements to 

meet for the success of the project. This is an evaluation of a build section of this project with the 
requirements as the basis for the evaluation. The allowable time for the equipment i.e. connect 

the equipment to the unit, building up pressure in the unit, and disconnect for the next unit was 
less than the required three minutes. This has been proven successful through our testing. 
Secondly, we met the requirement of the pressure switch test i.e. building pressure in the unit up 

to 610 psi and checking the functionality of the pressure switch letting it trip off and display it 
has been tripped. After the design phase of the project, it was clear that the requirement to detect 

a leak of 0.1 oz. of refrigerant per year in the allowable time were not possible without the use of 
helium. However, this is not viewed as a complete failure as we assured WaterFurnace that they 
are using the best method for detecting leaks. Overall, we did meet the requirements that 

WaterFurnace set for us and they are very pleased with the results and the cost savings to where 
it will lead. 

  

Section 4.3 Recommendations: 
 

Below is a list of recommendations from the design team. These recommendations have come 

about from analyzing what went wrong and what could have been done better. Some of these 
recommendations the group feels would strongly benefit WaterFurnace’s testing procedure if 
they were applied. 

1. If test station mobility is desired, rebuild the cart with steel make it more suitable for the 

heavy components it holds. This will also add to the longevity of the equipment.  

2.  Currently, the system doesn’t have a digital pressure transducer on the high pressure 

side. Adding a digital transducer on the high pressure side would allow the operator to set 

a high pressure limit to shut the system down should the pressure exceed this limit. This 

will add an extra safety to the high pressure system. 

3. The hoses that connect the test equipment to the geothermal unit are currently very rigid. 

It is recommended that thinner and more flexible hoses be used to ease in connecting to 

the unit. 

4.  The current safety feature to keep the connection hoses restrained is a simple chain tied 

to the unit. It is recommended that a quick connect safety restrain be developed so that 

the operator can quickly connect and disconnect the hoses. 

5. On the prototype, the nitrogen release to the atmosphere is simply mounted on the back 

of the cart pointing downwards. However, it is very loud when the pressure releases. One 

recommendation to cure this would be to hose the exhaust up to the ceiling. This will 

drastically reduce the noise heard by the operator. 
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Section 5: Conclusions 
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Section 5.1: Conclusions 

 

The design team and WaterFurnace consider this project a great success. While the project didn’t 

turn out just as either party had hoped, what resulted was a system that will be very beneficial to 

WaterFurnace and a great deal of knowledge for the design team. Disregarding the leak detection 

test, all the requirements and specifications were met. The final product will deliver the proper 

pressure required to complete the test and has the proper safety feature to pass OSHA Standards. 

In its current state the product is mobile which makes it easier to move around and perform test, 

and ultimately integrating it into the line faster. In the future when the system is completed 

integrated into the manufacturing process will save them valuable time and increase productivity. 

Of course, it would be more rewarding to see the project all the way through. However, the 

project is at a point where it is in the hands of WaterFurnace and their manufacturing 

department, and there is very little we can offer. In the workforce, everyone will be faced with 

projects that might not turn out how they expect and some may not work out at all. Of the part of 

the project the design team was able to build; all requirements were met and even exceeded in 

some cases. The design team is very grateful for the opportunity from IPFW and WaterFurnace 

to be able to demonstrate that which has been learned in the past few years. 
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