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As humans look to travel off-world, sealed habitats will be essential for life support in longduration missions. Previous closed ecosystem experiments have ranged from closed loop habitats
sustaining a single individual (NASA’s Biohome) to large scale, self-contained systems designed to
support a full crew (Biosphere 2, Lunar Palace 1). To date, human-in-the-loop, closed ecosystem
studies have focused on either mechanical life support or bioregeneration for extended space
missions. The Space Analog for the Moon and Mars (SAM) at Biosphere 2 aims to meld these two
approaches. SAM will consist of the historic Test Module greenhouse connected to a living quarters
and airlocks, surrounded by a simulated Mars yard. Any sealed chamber must be prepared for
potential interior cabin pressure loss and be able to compensate for changing external pressures
where an external atmosphere exists, especially in the case of inflatables. The Test Module includes
an existing analog pressure regulating system. The added living quarters will require an independent
pressure regulating system. A team of six engineering students at the University of Arizona are
working with the executive team at SAM and Biosphere 2 to design and prototype the Automated
Pressure Regulation System (APRS) for the SAM living quarters. The goal of the system is to
maintain a positive pressure in relation to the outside environment, preventing potential
biocontaminants from entering. The APRS is a semi-closed system, drawing from an internal air
source and external air resupply. To verify the APRS design, a 1:10 scaled model of the overall
system and living quarters is being constructed. The APRS consists of four subsystems: a
compressor system, scaled living quarter module with a utility wall, sensor subassembly, and a
graphic user interface (GUI) subassembly. This paper will discuss the overall mechanical system,
software design, and test validation procedures proposed for the APRS.
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I. Introduction
We live in an inspiring time where public and
private sector entities are working together to
accelerate the pace of human space exploration.
While advanced technologies and an improved
understanding of human factors have been
realized since the Apollo era, there remain
substantial challenges to our species becoming
interplanetary. One such challenge in sustaining a
long-duration habitat on the Moon or Mars is
proper pressurization at all times and the
capability
to
recover
from
a
rapid
depressurization.
At the University of Arizona’s Biosphere 2, a
Figure 1. Living Space Layout
prototype controlled environment (sealed
greenhouse) called the Test Module was used from
1987 through 1989 to demonstrate a hermetically sealed human-in-the-loop bioregenerative facility. The Test Module
is now the cornerstone for a Space Analog for the Moon and Mars (SAM), a hi-fidelity habitat analog and research
center that will inform long duration, off-world human habitation in coming years.
The University of Arizona six-person, Engineering Senior Design Capstone Team 21066 is tasked with creating
a prototype of an automated pressure regulation system (APRS) that would be used in the construction of SAM. The
APRS maintains a positive internal atmosphere in the living quarters but does not include the Test Module. As shown
in Figure 1, this living space is composed of a corridor from the Test Module to a combined kitchen and dining area,
personal workspace, sleeping quarters, and toilet. The main purpose of the prototype APRS is to test how an internal
atmosphere regulation system performs under varied slow and rapid pressure changes. The prototype itself is modeled
at a one-tenth scale of the full SAM project. The scaled living quarters was fabricated to be used only during the
testing phase of the project. The goal of the Capstone project was to develop and validate the mechanical and software
design for the APRS.
The Moon has no atmosphere, and the Martian atmosphere presents an average pressure of 0.088 psia meaning the
pressure differential between the interior of the habitat and the exterior of the Moon and Mars will be significant. The
APRS scaled prototype functions at a low +1 psid above Earth average ambient pressure of 14.7 psia at sea level. The
full-scale SAM will operate between 0.1 and 0.2 psid over the exterior ambient.
The prototype’s reserve air is drawn from the ambient external atmosphere whereas on the Moon and Mars the
reserve would be generated through in situ resource utilization (ISRU). Only a single air tank is used for this prototype
and it needs to be pressurized at the start of each system test. Reserve air is only drawn from the ambient external
atmosphere during initial system setup or in emergency cases when the air tank is completely depleted. This single air
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tank in the APRS acts as a reserve and a reservoir tank for the air reclaimed from the living quarters. The full-scale
SAM will have two or more separate tanks for this purpose so no air will be drawn from the external ambient
atmosphere.
While a habitat on the Moon or Mars will employ a full environmental control and life support system (ECLSS)
including interior air temperature control, the APRS scaled prototype is focused only on pressure response and does
not include air temperature control. At the full-scale SAM, pressure changes otherwise invoked by daytime heating
and nighttime cooling will be mitigated by air conditioning.

II. System Overview
A. System Block Diagrams and Architecture
The pressure regulation system for the living
quarters consists of a computer system, sensor
array, and a compressor system. The computer
system is powered by a DC adapter while the
compressor and solenoids run on AC power. The
computer system is composed of a Raspberry Pi
and a touch screen interface and communicates
with a sensor array. The sensor array includes two
absolute pressure sensors and a differential
pressure sensor. The graphic user interface (GUI)
allows users to control and display the pressure in
Figure 2. System Block Diagram.
the system and air level in the storage tank. A
Raspberry Pi computer uses the inputs of the sensors
to control the compressor through a relay and a
release valve. The compressor system connects to
the utility wall outside of the living quarters. The
utility wall is located on the side of the scaled living
quarters and has six input holes for air fittings. Five
of these connection ports are ¼ inch while the sixth
is 1 inch to support the inclusion of an emergency
release valve. This compressor system is composed
of a compressor and air tank used to add air to the
system or store compressed air. The air tank has a
volume of 1.47 cubic feet and a pressure rating of
Figure 3. System Architecture.
125 psi. The scaled living quarters has a volume of
4.5 cubic feet.
The system management software is designed by the Capstone Team and is discussed in a subsequent section. The
System Block Diagram in Figure 2 shows the breakdown of the subsystems within the APRS while Figure 3 shows
how they interact with each other. In the full-scale SAM, all components except the air tank will reside in the living
quarters. Due to the small size of the scaled model, these parts will be housed outside of the scaled living quarters.
Each subsystem is associated by a color group based on its function and connection to the utility wall (Figure 4).
The flow starts from the utility wall attached to the living quarters and moves to the depressurizing system shown in
the yellow group. This group contains the compressor and a particle filter that collects moisture from the air and is
connected to a manual valve for water reclamation.
The blue air storage group contains a check valve to stop reverse flow and a pressure monitoring system with an
air tank and manual valve. An analog pressure gauge is included for redundancy purposes so if the pressure sensor
breaks, the pressure can still be monitored. All parts are connected to a cross connector.
The pressurizing system, the red group, has three separate lines. The top line has a single solenoid valve that allows
air to move from the tank to the quarters at full force. This is used when fast pressurization is needed to compensate
for events such as leaks or sudden pressure changes. The middle line has a pressure regulator that drops the pressure
to 1 or 2 bars for a more stable pressurization. The bottom line has a manual valve for redundancy purposes, so if the
system powers off, the positive pressure can still be maintained.
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Figure 4. Process Flow Diagram
The green group consists of a pressure monitoring system for the quarters and atmosphere, and valves to release
excess pressure to the atmosphere. To reduce potential, undesired, rapid oscillations in pressure the system operates
within a margin of error of -0.1 and +0.2 psid around the target +1 psid. The APRS will respond to changes in pressures
independent of the source of the pressure change.

B. Code Overview
The code is written in the language Python and is
compiled using PyCharm CE on a host computer and
compiled by Geany on the Raspberry Pi. The core function of
the APRS software is to conduct sensor readings, with the
primary input being the external and internal pressure
differential. The overall software architecture is given in
Figure 5. The function of the automated system is to maintain
a +1 psid pressure differential between the internal and
external pressures. To ensure system integrity and mitigate
safety concerns, at +2 psid over ambient the blow-off valve
will be activated. Either condition will require the system to
equalize the pressure by either adding or releasing air. Within
the context and confines of this student project, simple binary
Figure 5. Software Architecture.
functions are employed across the entire software regulated
system. Future effort could employ advanced algorithms that take into account a greater diversity of input variables
for a more sophisticated response system.
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1. Software Overview and Methodology
Python is a well-known, versatile programming language with features that help streamline the process of writing
the code. The code script written for the APRS is broken down into three cases that are graphically represented in
Figure 6. All software and results for the APRS are controlled by a touch screen display that allows the user to
manually control the system if needed. While running, pressure inside the habitat could be either too high, too low, or
equal to the required pressure. The code will respond differently depending on which case the system is experiencing.
Pressure sensors inside the habitat will continuously transmit data and measure the internal pressure of the living space
while comparing it to the required pressure. As shown in Figure 4, there are multiple pathways allowing air to travel
from the air tank to the scaled living quarters. The low-pressure flow line employs a pressure regulator which sets the
flow rate to 25% of the maximum. This value was determined to be 5.1 CFM and the calculation of this value is shown
in a subsequent section of this paper. For the scope of this project, up to 5.1 CFM will be defined as “slow pressure
change” while flow rates above 5.1 CFM will be considered “fast pressure change”. This means “fast” pressurization
events will require the use of the high-pressure supply line.
In case one internal and required pressures are the same; +1 psid is properly maintained and no changes are needed.
Sensors will continue measuring the pressure until changes are detected. In case two, high pressure, the rate of pressure
increase is broken down into two categories. If the rate of increase is rapid, the relay will activate the solenoid valve
that releases excess air into the outside environment. Alternatively, when the rate of increase is slow, air stored in the
main tank will be released to pressurize the habitat. In the final case, the internal pressure is too low and again the rate
of decrease is broken down into two categories. When the rate of the pressure decrease is slow, excess air stored in
the main tank will be released to pressurize the habitat using a pressure regulator connected to the main tank. On the
other hand, if the rate of decrease is rapid, meaning a large depressurization event has occurred, excess air stored in
the tank will be released into the habitat.

Figure 6. Software Flow Diagram
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III. Component/ System Tests and Analysis
A. Structural Analysis
The APRS is attached to a 1:10 scaled model of the living quarters. This scaled model was created using a frame
of 1-inch square beams and plates of 16-gauge steel. All parts were welded, and a sealant was added to better ensure
the air-tight seal required for testing was created. Figure 7 shows a drawing of the complete prototype system including
the APRS and scaled living quarters along with a parts list.

Figure 7. Prototype Design Drawing
To safely run tests on the living quarters, a structural analysis was performed considering increasing load cases to
eliminate the risk of compromising the structural integrity of the scaled living quarters. Pressurization could cause
deformation, or in the worst-case scenario, lead to explosion from over pressurization. The structural analysis was
done by running a simulation on Fusion360 with different pressure cases (Figure 8). For this analysis, the pressure
was increased by increments of 5 psig with an initial value of 5 psig. The deformation on the four sides and top of the
scaled living quarters was then analyzed and the maximum deformation was determined.
At 5 psig, the vessel deforms at a maximum of 0.0899 mm, an amount that would not be noticeable. During testing,
the APRS is running at approximately 15 psig and the maximum deformation seen at that pressure would be 0.2709
mm. Finally, at 25 psig the maximum deformation is 0.4518 mm. As an additional precautionary measure, a pressure
relief valve is used and set to open at +5 psig over ambient pressure or 20 psia. The pressure difference required for
this system was specifically set to ensure little to no deformation occurs during normal pressurization and
depressurization cycles. This is crucial because the system will be constantly running to ensure the +1 psid is
maintained.
There are two separate relief valves for this prototype. The pressure relief valve set to +5 psig above ambient will
act as an emergency valve in case of complete system failure. The emergency valve is made to fully discharge all
pressure and will not close until that point. A second blow-off valve is built into the APRS with solenoid valves and
is set for +2 psid over ambient. Using this blow-off valve will not discharge all the air in the scaled living quarters.
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The goal was to create a completely sealed scaled model with no expected air loss from leaks but realistically,
some leakage will occur with this prototype. Once the APRS was built, controlled tests were performed to determine
if any leaks were present. The results of these initial pressurization tests show an approximate leak of 0.12 psid per
min. This leak comes from the connections between mechanical components that are attached to the system, not the
scaled living quarters module itself. Additional work is being done to mitigate this leak. At 40 psig, the air tank holds
4 cubic feet of air which is almost 90% of the living quarters volume. This amount of air is enough to compensate for
the leak discovered during testing.
Living Quarters Structural Analysis
Pressure (psig)

Max. Deformation (mm)

5

0.0899

10

0.1804

15

0.2709

20

0.3614

25

0.4518

Image (Adjusted 0.5x)

Figure 8. Structural Analysis of Mock Living Quarters
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B. Flow Rate Analysis
The APRS needs to be able to compensate for any high-rate pressure drops that might occur, making it crucial to
know the theoretical flow rate of the pressurizing system. In the system, air flows from the tank to the living quarters
through a series of hoses and connectors as seen in Figure 9. For the flow rate analysis, it is assumed that these parts
do not restrict the flow. This means the solenoid valve is the only factor to analyze when looking at flow restriction.
In Table 1, the data used for this analysis for each part along the pressure line is shown.
High pressure
supply line

Low pressure
supply line

Figure 9. Pressurization Line Diagram
Table 1. Data for Flow Rate Analysis
No.

Parts

Inner Diameter (inches)

Discharge Coefficients (Cd)

Flow Coefficient (Cv)

1

½” to ¼” Adapter

0.4

0.62

-

2

Manual On/Off Valve

0.3125

-

6.5

3, 4, 6

4-Way Connector

0.4

1*

-

5a, 5c

Solenoid Valve

0.1181

-

0.4

5b

Pressure Regulator

0.4

-

-

7

Through-Wall Connector

0.4

1*

-

8

¼” Hose

0.375

1*

-

* Assumed: No restrictions

Equations 1 and 2 are for the flow rate of air through an orifice and are used to determine the theoretical flow rate for
the two different lines.

(𝑝1−𝑝2)
𝑝1

< 𝐹𝛾 ∗ 𝑥𝑇 → 𝑄𝑎 =

(𝑝1−𝑝2)
𝑝1

1
60

∗ 1360 ∗ 𝐶𝑑 ∗ (

≥ 𝐹𝛾 ∗ 𝑥𝑇 → 𝑄𝑎 =

1
60

𝑑𝑜
0.183

2

) ∗ 𝑝1 ∗ (1 −

∗ 0.667 ∗ 1360 ∗ 𝐶𝑑 ∗ (

Cd
Ta = Air Temperature (°F)
Qa
p1 = Primary Pressure (psia)
Fγ
p2 = Secondary Pressure (psia)
xT
do = Diameter of Orifice (in)
Cd
= Discharge Coefficient
Qa
= Air Flow Rate (Normal) (SCFM)
Fγ
= Specific on
heat
ratio factor (=Specific
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ratio/1.4)
xT
= Pressure differential ratio factor (=0.72)

𝑑𝑜
0.183

2

𝑝1−𝑝2
𝑝2

3𝐹𝛾 ∗𝑥𝑇

)∗√

) ∗ 𝑝1 ∗ √

𝑝1−𝑝2
𝑝2

𝑇𝑎+459.67

𝐹𝛾 ∗𝑥𝑇

𝑇𝑎 +459.67

(1)

(2)

= Discharge Coefficient
= Air Flow Rate (Normal) (SCFM)
= Specific heat ratio factor (=Specific heat ratio/1.4)
= Pressure differential ratio factor (=0.72)

Table 2. Results for Flow Rate Analysis

Living Quarters (15.7 psia)

Red Line (10 psig)

Blue Line (40 psig)

5.1 SCFM

12.7 SCFM

Using equations 1 and 2 and the information shown in Table 1, the results shown in Table 2 can be calculated. These
are the maximum values for the flow rate for air from the air tank to the living quarters.
C. Electrical Component Overview
The APRS primarily uses commercially available
products including two types of pressure sensors: absolute
pressure and differential pressure sensors. The accuracy of
these sensors is integral to the proper performance of the
system. It is understood that the accuracy of the sensors and
the potential for noise in the readings may impact the
information fed to the python code controlling the APRS.
Inaccurate readings may cause the system to not respond to
small pressure changes. Testing was done for the commercial
sensors purchased to ensure the manufacturer specifications
were met. Preliminary tests provided a better understanding of
the variability of the sensor readings. While some differences
in the pressure values were seen, the calculated relative error
is within the acceptable margin of error, so the sensors were
still deemed appropriate for the APRS. The acceptable margin
of error is defined by the precision of the selected sensors
(Table 3) and is +/- 0.5% per reading. Figure 10 shows the
wiring diagram of the electrical components that run the
Figure 10. Wiring Diagram
APRS. Two power supplies are needed to power the
components, 120 VAC and 24 VDC. The DC power is used to power all four pressure sensors which have an output
of 4 - 20 mA. An analog to digital converter (ADC) is used to allow the Raspberry Pi to read the sensor output. The
ADC is only able to read voltage outputs as a 250-ohm resistor is used to convert the sensor reading to a value between
0 - 5 volts. The AC power is used to power the solenoid valves and the compressor. To automate the system, a relay
is used to act as a switch for the AC components and the Raspberry Pi can control this switch by sending DC signals
to the relay.
Table 3. Sensor Information
Item #

Function

Brand

Model

Performance

Sensor 1

Absolute Pressure
Sensor

OMEGA

PX119-300AI

•
•
•

Reads 0 - 300 PSIA
± 0.5%
4 to 20 mA Output

Sensor 2

Absolute Pressure
Sensor

OMEGA

PX119-300AI

•
•
•

Reads 0 - 300 PSIA
± 0.5%
4 to 20 mA Output

Sensor 3

Absolute Pressure
Sensor

OMEGA

PX119-300AI

•
•
•

Reads 0 - 300 PSIA
± 0.5%
4 to 20 mA Output

Sensor 4

Differential Pressure
Sensor

McMaster-Carr

3257N12

•
•
•

Reads 0 - 10 PSID
± 0.5%
4 to 20 mA Output
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IV. Proposed System Performance Tests
When developing the APRS, the Capstone Team created a list of system requirements that could be tested and
used to verify the overall performance of the design. Many of these requirements are designed to help mitigate any
potential risks within the system.
A. GUI Subsystem Requirements
The human interaction with the system occurs mostly through the touchscreen GUI. A GUI is needed to show
pressure readings both internal to and outside of the living quarters, as well as the real-time pressure differential. Lags
in values displayed on the GUI compared to the sensor readings would impact system and user response time which
could be a critical issue in emergency situations. The complexity of the GUI is also important. A subsystem
requirement is that the GUI should present information in an easy-to-understand way so that individuals would not
need extensive training to operate the system. To ensure the APRS could adapt to any situation, the GUI allows for
manual control, auto control, and system override in emergencies. It also has options to turn solenoid valves on and
off if necessary.
Three separate tests will be performed to evaluate the GUI subassembly. A practical use test will verify that the
GUI displays real-time accurate values compared to the actual pressure in the system. This test will be passed if the
GUI is shown to display data matching the sensor readings. A second test will evaluate the potential for a lag time in
the display. Values displayed on the GUI must be within 1 second of the actual pressure differential values collected.
Finally, a user interface test will be performed to assess the ability for individuals not familiar with the project to
interpret information displayed on the GUI. A series of tasks will be given to each individual in this test and a success
rate of 90% per task is required to pass this test. All three subsystem tests must be completed and passed before the
subsystem can be verified as acceptable.
B. System Response Requirements
Having quick response times to any changes in pressure differential is crucial to the function of the APRS. The
overarching system requirement is that +1 psid above ambient pressure must be maintained. The system response time
should account for normal variations in pressure that can be easily compensated for by the automatic system as well
as extreme variation events where rapid action is needed. To ensure proper response time, the APRS must continuously
analyze the volumetric flow rate in the system. This flow rate is found using the pressure difference within the habitat
and the air density to determine the intake and discharge flow rates. The discharge flow rate is dependent only on the
compressor while there are two separate intake flow rates. There are two separate intake lines attached to the living
quarters: one line has a pressure regulator while the other does not. The volumetric flow rate for the regulated intake
line will be significantly smaller than that of the unregulated line (Table 2). A minimum response time of 1.5 seconds
is required for system validation. This response time ensures the system reacts in time to prevent large changes in
pressure differential. Currently the system is operating at a near instantaneous response time that is too fast to measure
meaning the system has passed this test.
C. Risk Mitigation
As mentioned previously, an emergency release valve is included in the scaled living quarters. This valve will
ensure that the internal pressure does not reach a value that could cause noticeable deformation to the structure. The
valve is set for 5 psig and was determined based on the structural analysis performed. The addition of this valve as
well as a set of redundant manual lines throughout the system will help mitigate the risk of any issue or failure with
the APRS code. An override function is built into the code allowing a user to place the system in manual mode and
the emergency relief valve will protect the structure in the event of a rapid over pressurization.
D. Proposed Tests
Testing will be done on each of the four subassemblies, the sensors, the GUI, and the utility wall. For each of
these subassemblies, testing of the accuracy and practical uses will be done. For the GUI, an additional user interface
test will be conducted as succeeded previously. Additionally, three tests will be done for the overall system. These
tests will look at the system’s ability to maintain a positive pressure and its response to normal and dramatic changes
in pressure. These will be used to validate each of the subassemblies and then determine if the overall system meets
all the requirements. Full system validation will occur after each subassembly test is passed and if the APRS is shown
to be able to maintain a range of 0.9 psid - 1.2 psid above ambient.
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V. Conclusion
Initial analysis and design work for the APRS is complete and subsystem and system level tests are currently
being performed. The development and refining of the code are ongoing processes. The current APRS design works
to maintain a positive differential of +1 psid over ambient pressure. Relief valves and additional hose lines acting as
backups increase safety during pressurization and mitigate potential risks of over-pressurizing the vessel.
Redundancies are used throughout the pressurization system to have manual control if software system errors ever
occur. After full validation of the APRS is complete using the scaled model, work will begin on creating a full scale
APRS for use in SAM.
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