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NASA is developing an Exploration Extravehicular Mobility Unit (xEMU) targeted as a 

flight demonstration unit on the International Space Station (ISS) in 2023. A major subsystem 

of the xEMU is the portable life support system (PLSS) designed to allow an astronaut to 

conduct an extravehicular activity (EVA) or spacewalk. To meet the requirements of this new 

advanced space suit, the development progression of the PLSS has been focused in increasing 

capability, redundancy, and efficiency along with a reduction of power and packaging volume. 

One of the most progressive game-changing components design to help the PLSS meet its 

requirements is the Rapid Cycle Amine (RCA) swing-bed technology. The RCA is a 

regenerable technology with the ability to remove carbon dioxide (CO2) and humidity (H2O) 

on a continual basis. The regeneration of the RCA is continual with exposure to vacuum 

creating the ability for life expectancy of up to 100 EVAs without change-out. The 

development of the RCA technology has been in progress since favorable results were 

published in 1996. Thus far, three prototypical RCA units have been designed, built, and 

tested for the xEMU PLSS in order to assess design, optimum canister size, and performance 

capability. Each prototype iteration leverages and extends the learned to help orient a success 

path toward the xEMU flight demonstration on ISS. Over the last several years, the design 

iterations and comparison of the RCA prototypes for the xEMU PLSS have been well 

documented. More recently, an effort has been made to assess the overall testing on each of 

the RCA units and associated results; this paper will primarily focus on the history of the 

developmental testing of the RCA. 

Nomenclature 

ATCL = Auxiliary Thermal Control Loop 

CO2 = Carbon Dioxide 

DEV = Dual-End Vacuum 

EVA = Extravehicular Activity 

H2O = Water 

HITL = Human-in-the-Loop 

HMS = Human Metabolic Simulator 

ISS = International Space Station 

JSC = Johnson Space Center 

LCVG = Liquid Cooling Ventilation Garment 

MetOX = Metal Oxide 

NASA = National Aeronautics and Space Administration 
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OVL = Oxygen Ventilation Loop 

PGS = Pressure Garment System 

PIA = Pre-Installation Acceptance 

PLSS = Portable Life Support System 

POL = Primary Oxygen Loop 

ppCO2 = Partial Pressure of Carbon Dioxide 

RCA = Rapid Cycle Amine 

RVDT = Rotary Variable Differential Transformer 

SEV = Single-End Vacuum 

SMTA = Suited Manikin Test Apparatus 

SOL = Secondary Oxygen Loop 

SSAS = Spacesuit Assembly Simulator 

TCL = Thermal Control Loop 

xEMU = Exploration Extravihicular Mobility Unit 

I. Introduction 

THE Rapid Cycle Amine (RCA) is the carbon dioxide and water vapor removal unit in the Portable Life Support 

System (PLSS). There are three RCA designs, 1.0, 2.0, and 3.0. Evaluation of RCA 1.0 began in 2006 and testing of 

RCA 2.0 and 3.0 is still ongoing. The RCA technology was evaluated at various metabolic rates, pressures, flow rates, 

bed switch settings, and humidity levels consistent with Extravehicular Activity (EVA). The RCA was tested under a 

variety of test conditions and configurations, including various vacuum regeneration conditions, degraded vacuum, 

cold and hot RCA temperatures, constant half cycle times, variable water vapor loadings, pre-breathe protocols, 

various suit port interface sizes, metabolic profiles, and simulated and human-provided metabolic rates.  

This report includes an overview on RCA 1.0, 2.0, and 3.0 testing history, including tests performed by 

NASA and NASA Contractor A.  The tests include the following parameters: testing duration, flow rate, loop pressure, 

RCA bed switch set points, metabolic rates, RCA outlet temperatures, location of test, and when the tests were 

performed. The tests performed with the three RCA models are the following: 

 RCA 1.0 

o Contractor A 1.0 Testing 

o PLSS 1.0 Test Stand 

o Integrated Ventilation Subsystem Test Loop 

o Ventilation Test Loop 1.0 

 RCA 2.0 

o Contractor A 2.0 Testing 

o Pre-Installation Testing (PLSS 2.0) 

o Chamber C Testing (PLSS 2.0) 

o IVA Vacuum Testing (PLSS 2.0) 

o Human-in-the-Loop (HITL) 

 RCA 3.0 

o Contractor A 3.0 Testing 
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II. Technology Overview 

The Rapid Cycle Amine (RCA) is the carbon dioxide (CO2) and water (H2O) vapor removal unit in the 

Portable Life Support System (PLSS). The RCA was designed to provide continuous and regenerative CO2 and H2O 

vapor removal to replace the current metal oxide (MetOx) technology and support a safe and comfortable atmosphere 

for humans during Extravehicular Activity (EVA). The RCA 1.0, 2.0, and 3.0 feature a two-bed sorbent canister, 

SA9T sorbent, and valve assembly to switch the beds. The SA9T sorbent is a proprietary formulation that adsorbs 

CO2 and H2O vapor under ventilation loop condition and desorbs under vacuum conditions. The two-bed design allows 

for one bed to adsorb CO2 and H2O while the other simultaneously desorbs and regenerates before switching back into 

the ventilation loop, thus creating a continuous cycle of CO2 and H2O removal. The two-bed canister is constructed 

so one bed, which is exposed to the ventilation loop, is in thermal contact with the other, which is exposed to vacuum. 

The adsorption process is exothermic and desorption is endothermic. The adsorbing and desorbing bed are thermally 

connected, which maintains the beds at optimal operating temperatures. The valve assembly switches the beds between 

the PLSS ventilation loop and the vacuum line. The RCA flow schematic, shown in Figure 1, shows how the valve 

changes position to switch the beds’ operating states when the downstream ventilation loop partial pressure of CO2 

(ppCO2)  reaches the set point or reaches the timed setting. RCA 2.0 and 3.0 also feature a controller that monitors 

and controls the valve position. 

 
Figure 1. RCA Flow Schematic. 

 

This paper provides an overview of the testing history of the RCA 1.0, 2.0, and 3.0. This includes the testing 

done by Contractor A and NASA. Test summaries include test duration, flow rates, pressure conditions, RCA outlet 

temperatures, bed switch settings, metabolic rates, type of gas flow in the loop, testing location, and when the testing 

was performed. 

III. Testing 

RCA 1.0, 2.0, and 3.0 are prototypes designed, fabricated, and tested by Contractor A prior to delivery to 

NASA. Although rectangular in design, other cylindrical canisters were developed and tested to evaluate proof of 

concept development. Over 830 hours of testing was put into the evaluation of the RCA 1.0, 2.0, and 3.0. An overview 

of the test conditions are shown in Table 1, with all conditions shown in Table 5 in the Summary. 
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Table 1. Testing Overview 

  
Metabolic 

Range Pressure Range 

Flow Rate 

Range Duration 

  Btu/hr (W) psia (Pa) acfm (m3/s) hours 

RCA 1.0 

200-3000 

(59-880) 

3.7-15.2       

(25500-104800) 

3-6        

(0.0014-0.0028) 470 

Contractor A Tests 

350-1600 

(103-469) 

14.7            

(101400) 

6           

(0.0028) 65 

PLSS 1.0 Test Stand 

200-3000    

(59-880) 

3.7-15.2       

(25500-104800) 

3-6         

(0.0014-0.0028) 275 

Integrated Ventilation Loop 

400-2000 

(117-586) 

4.3-14.7       

(29600-101400) 

6           

(0.0028) 126 

Ventilation Loop #1 

500          

(147) 

13-16          

(89600-110300) 

6            

(0.0028) 4 

RCA 2.0 

250-3000 

(73-880) 

4.3-19         

(29600-131000) 

2-8.7      

(0.0009-0.0041) 384.3 

Contractor A Tests 

350-2000 

(103-586) 

14.7           

(101400) 

2-8.7      

(0.0009-0.0041) 14 

Pre-Installation Acceptance (PLSS 2.0) 

1600        

(469) 

14.5-15.2     

(100000-104800) 

6            

(0.0028) 9.3 

Chamber C Testing (PLSS 2.0) 

250-3000    

(73-880) 

4.3-19          

(29600-131000) 

4.5-6      

(0.0021-0.0028) 279 

IVA Vacuum Testing (PLSS 2.0) 

400, 800 

(117, 234) 

15.1            

(104100) 

4.5         

(0.0021) 22 

Human-in-the-Loop 

350-3000 

(103-880) 

19              

(131000) 

5-6.4     

(0.0024-0.0030) 60 

RCA 3.0  

350-2000 

(103-586) 

14.7            

(101400) 

6            

(0.0028) 11 

Contractor A Tests 

350-2000 

(103-586) 

14.7           

(101400) 

6           

(0.0028) 11 

 

A. Rapid Cycle Amine 1.0 

Rapid Cycle Amine (RCA) 1.0 was the original anime canister design that featured a spool valve and 

rectangular layered heat exchanger design of the sorbent beds, as shown in Figure 2. The layered design acts as a heat 

exchanger allowing increased heat transfer between the sorbent beds. Other valve types were evaluated including a 

hanged valve and a drum valve.  

RCA 1.0 was evaluated with bed switches based on the outlet ppCO2. Over 460 hours of testing was 

performed on the RCA 1.0 to evaluate and improve the design. An overview of the testing performed with RCA 1.0 

is shown in Table 2. 
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Figure 2. RCA 1.0 Canister with Spool Valve Assembly 

 

Table 2. Testing Overview of RCA 1.0 

  

RCA 1.0 Overview 

Contractor A 

Tests 

PLSS 1.0 Test 

Stand 

Integrated 

Ventilation 

Loop 

Ventilation 

Loop #1 

Location  Contractor A 

Johnson Space 

Center 

Johnson Space 

Center 

Johnson 

Space 

Center 

When Performed  

October- 

December 

2006 

June- 

September 2011 

January- 

February 2012, 

June- July 2012 March 2016 

Duration hours 470 65 275 126 4 

Metabolic 

Range 

Btu/hr 

(W) 
200-3000   

(59-880) 

350-1600   

(103-469) 

200-3000      

(59-880) 

400-2000     

(117-586) 

500         

(147) 

Pressure 

Range 

psia 

(Pa) 

3.7-15.2 

(25500-

104800) 

14.7     

(101400) 

3.7-15.2 

(25500-104800) 

4.3-14.7 

(29600-101400) 

13-16 

(89600-

110300) 

Flow Rate 

Range 

acfm 

(m3/s) 

3-6     

(0.0014-

0.0028) 

6           

(0.0028) 

3-6         

(0.0014-0.0028) 

6            

(0.0028) 

6         

(0.0028) 

RCA Outlet 

Temperature 

°F 

(°C) 
50-88        

(10-31) 

65-77           

(18-25) 

70-80           

(21-27) 

50-65, 70-77,      

77-88                        

(10-18, 21-25, 

25-31) 

68-86        

(20-30) 

RCA Bed Switch 

Setpoint 

2-8 mmHg                      

(27-1067 Pa)                            

23-180 

seconds 

3, 6 mmHg                  

(400, 1067 Pa) 

2, 4, 6, 8 mmHg                  

(267, 533, 800, 

1067 Pa)             

23-60 seconds 

2, 4, 6, 8 mmHg        

(267, 533, 800, 

1067 Pa)                   

30-180 seconds 

3 mmHg   

(400 Pa) 

Gas In Loop   Air Nitrogen Nitrogen Nitrogen 
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1. RCA 1.0 Contractor A Testing 

Initial evaluation of the RCA 1.0 prototype was performed by Contractor A between October and December 

2006 prior to delivery to NASA in January 2007.1 The design was tested over a range of metabolic rates, ppCO2, 

humidity conditions, and regeneration configurations. The tests were performed on a closed loop circuit with a flow 

rate of 6 acfm, to simulate an enclosed suit environment, as shown in Figure 3.2 However, these tests were performed 

at atmospheric conditions (14.7 psia or 101400 Pa), rather than the 4.3 psia (29600 Pa) EVA suit conditions. Tests 

were also performed with air in the loop, rather than high-purity oxygen, with CO2 and H2O vapor injected to simulate 

human metabolic rates. The testing set up was programmed to monitor RCA outlet ppCO2 and switch the beds when 

the set point was reached. The carbon dioxide partial pressure set points were investigated at 3 mmHg (400 Pa) and 6 

mmHg (800 Pa), where both are below the maximum permissible helmet ppCO2 of 7.6 mmHg (1013 Pa). Simulated 

metabolic rates ranged from 350 to 1600 Btu/hr (103 to 469 W). A variety of bed regeneration configurations were 

tested, including dual-end vacuum (DEV), single-end vacuum (SEV), and nitrogen sweep gas regeneration.3 The DEV 

configuration pulled vacuum from both the inlet and outlet of the bed while the SEV pulled vacuum from either the 

inlet or outlet of the bed. Contractor A accumulated over 65 hours of RCA 1.0 testing prior to delivery to NASA. 

 

Figure 3. Contractor A RCA 1.0 Testing Schematic 

 

Results from the Contractor A RCA 1.0 testing indicated that CO2 and humidity removal performance was 

improved as compared to that of prior canister attempts.2 This was attributed to improved heat transfer characteristics.   

CO2 and humidity removal performance were determined with this round of testing.  Also, ullage losses (loss of 

oxygen during bed cyling operations) were able to be estimated from test results since the number of cycles needed 

for a typical EVA was demonstrated. Test results also indicated that RCA 1.0 caused overly dry conditions at the exit 

of the RCA (similar to entrance to the suit helmet). However, a single-ended outlet vacuum desorb configuration 

where vacuum porting was only present at the bed outlet, resulted in less dry conditions at the RCA outlet but did not 

diminish CO2 removal performance.  This testing indicated that a light weight (less than 4 kg) unit could sufficiently 

remove CO2 and humidity at metabolic rates expected for EVA and would require little if any maintenance between 

EVAs. 

PROCESS AIR

FLOW SUPPLY

PROCESS AIR

FLOW RETURN

 CO
2
 AND H

2
O

DESORB TO VACUUM

VACUUM

BED A

(ADSORBING)

SPOOL

VALVE

BED B

(REGENERATING)

 CO
2
 AND H

2
O ARE

SCRUBBED FROM

PROCESS AIR

HEAT

TRANSFER

F

 

STEAM

GENERATOR

DP

OUTLET

SAMPLE LOOP

 

CO2

DP

INLET SAMPLE

LOOP

 

CO2

CO
2

SUPPLY

STEAM

CONTROL

VALVE

NOTE

DP = DEW POINT SENSOR

CO2 = CO2 ANALYZER

CO
2

CONTROL

VALVE

RIG CONTROL &

DATA ACQUISTION

CIRC.

FAN

FLOW

SENSOR  &

CONTROL



 
 

International Conference on Environmental Systems 

7 

 

2. PLSS 1.0 Test Stand  

The RCA 1.0 was delivered to NASA in January 2007 and integrated into the PLSS 1.0 test stand in June 

2011.4 A total of 140 tests were performed between June 2011 and September 2011, ultimately accumulating over 199 

hours of cyclic steady state testing and 71 hours of transient metabolic rate testing. The PLSS 1.0 test stand schematic, 

shown in Figure 4, was representative of a functional closed ventilation loop and included the RCA 1.0, Pressure 

Garment System (PGS) volume simulator, Human Metabolic Simulator (HMS), and necessary ventilation subsystem 

instrumentation.5 The PLSS 1.0 test stand was not oxygen rated, so tests were performed with nitrogen in the loop. 

CO2 and H2O were injected into the loop to simulate various human metabolic rates, ranging from 200-3000 Btu/hr 

(59-880 W). The loop included a 2 ft3 (0.057 m3) volume tank to simulate the PGS volume. Tests were conducted 

under various conditions, including steady state, degraded RCA backpressure, constant RCA half cycle time, variable 

water vapor loading, and transient testing. Testing was performed with loop pressures of 3.7 psia to 15.2 psia (25500 

to 104800 Pa), which are consistent with EVA suit conditions. Bed switches were set at 2-8 mmHg (267-1067 Pa) or 

23-60 seconds. The RCA bed switch was determined by either the ppCO2 outlet set point or half cycle time setting, 

depending on the test being conducted.  

 

 

Figure 4. PLSS 1.0 Test Stand Schematic 

 

 

Results from the PLSS 1.0 Test Stand testing indicated that the RCA technology could be integrated into a 

full PLSS system and remove CO2 and humidity without causing any issues related to the other functions of the PLSS. 

The RCA performed well using ppCO2 induced bed switching as well as timed bed switching strategies.  Low humidity 
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levels were experienced at the RCA outlet and suit inlet locations similar to that seen in the Contractor A RCA 1.0 

testing.  Since the PLSS 1.0 Test Stand testing was the first time that the RCA 1.0 was tested at sub-ambient pressures 

(down to 3.7 psia (25500 Pa)), it was a noteworthy result that CO2 and humidity removal performance was 

demonstrated to be relatively independent of total suit and ventilation loop pressure as previously expected.  

Water vapor injection rates were also varied in some of the PLSS 1.0 test points to see if variations in relative 

humidity at the inlet to the RCA would affect CO2 removal efficiencies.  Results indicated that CO2 removal 

efficiencies were somewhat reduced at very low and very high humidities, but these effects on CO2 did not prevent 

the RCA from performing properly, it merely reduced the half cycle time at very low and very high humidity levels. 

Degraded vacuum test points were also performed during this test series.  Results provided insight into the vacuum 

quality that would be required during airlock operations when either ducting to space vacuum or a vacuum pump 

would be required to allow the RCA to operate.   

Failed RCA valve testing was performed to determined how fast the CO2 and humidity levels would rise in 

the ventilation loop during a failure.  After a timed period with the RCA valve failed, the valve was cycled and results 

indicated how fast the CO2 and humidity levels could return to normal after a recovery from a failure.    

Another notable result from PLSS 1.0 testing was that the pneumatic RCA valve injected a small amount of 

O2 into the ventilation loop at every bed switch.  This caused a slight increase in pressure in the loop and at short half 

cycle timing conditions, the pressure in the ventilation loop was somewhat increased.  RCA 2.0 and RCA 3.0 use a 

ganged ball valve design and this pressure increase issue is not present with these newer designs. 
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3. Integrated Ventilation Subsystem Test Loop 

The integrated ventilation subsystem test loop was representative of a simplified oxygen ventilation loop 

(OVL) within the PLSS 1.0.6 The test system, shown in Figure 5, includes the RCA 1.0, PGS volume simulator, human 

metabolic simulator, and necessary instrumentation. Over 126 hours of testing was performed under several 

conditions, including cold soak, nominal conditions, and hot testing.7 The nominal tests were characterized further by 

fixed RCA half cycle times, output CO2 concentration moving average, pre-breathe protocol, and variable metabolic 

profiles. The integrated ventilation loop test stand was not oxygen rated, so tests were performed with nitrogen in the 

loop. CO2 and H2O were injected into the loop to simulate various human metabolic rates. The bed switches based on 

outlet ppCO2 were set at 2-8 mmHg (27-1067 Pa). The cold soak testing was conducted to determine the effect of a 

low RCA outlet temperature (50-65°F) on the half cycle time by partially submerging a plastic wrapped RCA in an 

ice bath.8 The fixed half cycle time tests were performed with a timed RCA bed switch of 30-180 seconds rather than 

a set outlet ppCO2 to determine how well a timed switch could regulate CO2 concentration over a metabolic profile. 

 

 
Figure 5. Integrated Ventilation Subsystem Test Loop Schematic 

 

The integrated ventilation subsystem test loop testing at cold and warm thermal conditions provided valuable 

insight into the temperature affects on CO2 and humidity removal performance.  Results indicated that a range of 

approximately 70 to 86 °F (21 to 30 °C) produced better CO2 and humidity removal efficiencies (longer half cycle 

times) than outside of that range.  The moving average control algorithm was somewhat successful but didn’t appear 

to offer advantages over switching the RCA beds when the CO2 concentrations reached a designated target level.   
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4. Ventilation Test Loop 1.0 

RCA 1.0 was planned to be extensively tested on the Ventilation Test Loop 1.0, but was cut short after the 

RCA indicated a significant leakage.9 After two days of tests, the RCA CO2 performance degraded significantly, which 

was later confirmed to be caused by a leak located in the RCA’s spool valve. The test schematic is shown in Figure 

6.10 The tests were performed in March 2016 and accumulated about 4 hours of testing. The tests were performed at 

6 acfm (0.0028 m3/s) flow rate, 500 Btu/hr (147 W), and atmospheric loop pressure. The RCA bed switch was set at 

3 mmHg (400 Pa) outlet ppCO2.  

 

 
Figure 6. Ventilation Test Loop 1.0 Schematic 

 

B. Rapid Cycle Amine 2.0 

The RCA 2.0 was the first full scale unit and featured a multi-ball valve rather than the spool valve from 

RCA 1.0. The multi-ball valve includes an intermediate state that allows the two sorbent beds to equalize pressure in 

between bed switches. Unlike RCA 1.0, RCA 2.0 also features a controller to monitor the valve position and actuate 

the valve. The RCA 2.0 and multi-ball valve assembly is shown in Figure 7. Over 362 hours of testing was performed 

on RCA 2.0 and an overview is shown in Table 3. 
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Figure 7. RCA 2.0 Canister and Completed Assembly 

 

Table 3. Testing Overview of RCA 2.0 

    
RCA 2.0 

Overview 

Contractor 

A Tests 

Pre-

Installation 

Acceptance  

Chamber C 

Testing 

IVA 

Vacuum 

Human-in-

the-Loop 

(HITL) 

Location   

Contractor 

A 

Johnson 

Space 

Center 

Johnson 

Space Center 

Johnson 

Space 

Center 

Johnson 

Space 

Center 

When Performed   

August- 

September 

2012 March 2014 

January- July 

2015 

January, 

July 

2015 

October- 

December 

2014 

Duration hours 384 14 9 279 22 60 

Metabolic 

Range 

Btu/hr 

(W) 
250-3000 

(73-880) 

350-2000 

(103-586) 

1600      

(469) 

250-3000    

(73-880) 

400, 800 

(117, 

234) 

350-3000 

(103-880) 

Pressure 

Range 

psia 

(Pa) 

4.3-19 

(29600-

131000) 

14.7 

(101400) 

14.5-15.2 

(100000-

104800) 

4.3-19 

(29600-

131000) 

15.1 

(104100) 

19 

(131000) 

Flow Rate 

Range 

acfm 

(m3/s) 

2-8.7       

(0.0009-

0.0041) 

2-8.7 

(0.0009-

0.0041) 

6       

(0.0028) 

4.5-6 

(0.0021-

0.0028) 

4.5 

(0.0021) 

5-6.4 

(0.0024-

0.0030) 

RCA Outlet 

Temperature 

°F   

(°C) 
56-80         

(13-27) - 

74-76      

(23-24) 

65-80        

(18-27) - 

56-74    

(13-23) 

RCA Bed Switch 

Setpoint 

2-6 

mmHg                       

(267-800 

Pa)                       

120, 240 

seconds 

3, 6 mmHg                      

(400, 800 

Pa) 

3 mmHg 

(400 Pa)                       

120 seconds 

2, 3, 4 mmHg            

(267, 400, 

533 Pa)          

120, 240 

seconds 

1, 2, 10 

minutes 

3 mmHg 

(400 Pa)                    

60, 90, 120 

seconds 

Gas In Loop   Air Nitrogen 

Nitrogen      

or Air 

Nitrogen 

or Air Air 
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1. RCA 2.0 Contractor A Testing 

After its redesign, RCA 2.0 was evaluated by Contractor A between August and September 2012 and 

delivered to NASA in September 2012.11 Contractor A performed a variety of evaluations and overall CO2 and 

humidity removal performance was evaluated through open loop testing, closed loop target conditions, and an 8 hour 

closed loop metabolic profile test. The closed loop test schematic is shown in Figure 8. The RCA 2.0 was evaluated 

at metabolic rates of 350-2000) Btu/hr (103-586 W and flow rates of 2-8.7 acfm (0.0009-0.0041 m3/s). Similar to RCA 

1.0 Contractor A testing, RCA 2.0 was evaluated at atmospheric pressure (14.7 psia or 101400 Pa) and with air in the 

loop. The bed switches were set at 3 and 6 mmHg (400 and 800 Pa) for the tests. Over 14 hours of RCA 2.0 testing 

was performed by Contractor A prior to delivery to NASA.  

 
Figure 8. Contractor A RCA 2.0 Test Schematic 

 

RCA 2.0 testing by Contractor A indicated that this larger unit had lower pressure drop characteristics than 

the RCA 1.0 unit and that half cycle times were increased relative to RCA 1.0 in order to achieve equivalent CO2 and 

humidity levels in the ventilation loop. Also, this testing indicated that the new valve design with 3 ball valves on a 

single shaft performed well but bed switch timing was slower than the pneumatic valve design used in RCA 1.0. Since 

flow is stopped for a short period of time during the bed switching operation, it is desirable to keep the bed switch 

timing to a minimum. Proof pressure and leakage testing were performed on RCA 2.0 and results were nominal.  

 

2. PLSS 2.0 Pre-Installation Acceptance (PIA) Testing 

Pre-Installation Acceptance (PIA) testing of the PLSS 2.0 was performed to verify component or subsystem 

functionality before Chamber C and Human-in-the-Loop testing. The testing included leak checks, continuity checks, 

sensor calibration, and additional tests but this report focuses on section 26 of the PIA Test Report, which evaluated 

the RCA controller.12 The RCA bed setting was evaluated with a timed switch set at 120 seconds and outlet ppCO2 

set point of 3 mmHg (400 Pa). The tests were performed at ambient pressure and 0.5 psia (3447 Pa) above ambient. 

The metabolic rate was held constant at 1600 Btu/hr (469 W) and the flow rate at 6 acfm (0.0028 m3/s). The PIA 

testing accumulated over 9 hours of RCA testing.13  
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Results from this testing demonstrated the effects of the slower bed switching characteristics of the new 

valve.  The CO2 levels were slightly higher on average compared to the RCA 1.0 levels when the same ppCO2 target 

was used due to effects of a bypass valve used during these tests as well as the longer half cycles experienced with 

RCA 2.0. An ammonia sensor was used during the PIA testing and these results did verify that the RCA does produce 

ammonia.    

 

3. Chamber C Testing (PLSS 2.0) 

The RCA 2.0 was integrated into PLSS 2.0 test system and conducted in Vacuum Chamber C, which is why 

the tests are referred to as Chamber C testing.14 The PLSS 2.0 is the first complete PLSS packaged for EVAs and 

contains the Primary Oxygen Loop (POL), Secondary Oxygen Loop (SOL), Oxygen Ventilation Loop (OVL), 

Thermal Control Loop (TCL), and Auxiliary Thermal Control Loop (ATCL). PLSS 2.0 was put in Vacuum Chamber 

C, as shown in Figure 9, and connected to the spacesuit assembly simulator (SSAS), which contained the liquid cooling 

ventilation garment (LCVG) worn by a manikin that simulates human metabolic rates. The SSAS was fabricated from 

a laser scanning of the Mark III space suit and is see-through to allow visualization of the LCVG covered manikin. 

Although EVAs are performed with 100% oxygen, the PLSS 2.0 was not intended to operate with pure oxygen, so 

tests were performed with nitrogen or breathing air (about 20% O2) in the loop. A total of 25 tests were performed 

under various EVA metabolic rate profiles and varied suit pressures, OVL flow rate, and RCA bed switch set points. 

The metabolic rate profiles were designed for 8 hour durations and a 1200 Btu/hr (352 W) average metabolic rate. A 

test was performed with an equivalent metabolic rate profile and test conditions to the PLSS 1.0 transient profile test. 

 

 

Figure 9. Chamber C Test Schematic 

 

In addition to the 25 EVA tests, 27 RCA mapping tests were performed with the PLSS 2.0 Chamber C testing 

set up. The tests were performed at a constant metabolic rate profile and varied metabolic rate, OVL flow rate, RCA 

bed switch set points (timed and ppCO2), vacuum pressure, and water vapor injection rates. Metabolic rates ranged 

from 400 to 3000 Btu/hr (117 to 880 W).15 RCA bed switch set points ranged from 2 to 4 mmHg (267 to 533 Pa) or 

were controlled with a half cycle time of 120 or 240 seconds. The tests were performed to reach cyclic steady state 
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and to test the water vapor sensitivity. Included with the RCA mapping tests is the degraded backpressure tests to see 

the effect of degraded vacuum on the RCA. Over 279 hours of testing was performed on the Chamber C test schematic, 

with 230 hours from EVA simulations and 49 hours of RCA mapping.  

Test results indicated that the RCA 2.0 could perform well in an integrated PLSS configuration. Performance 

was similar to the Contractor A test results for RCA 2.0. The unit performed nominally with the various ppCO2 target 

switch points as well as with the timed mode half cycle durations of 120 and 240 seconds. Ventilation loop flow rates 

were also varied and RCA outlet CO2 levels were controlled well at tested flow rates. Minor pressure fluctuations at 

the PLSS oxygen regulator outlet resulting from cycling of the RCA were noted during Chamber C testing. The RCA 

2.0 performed nominally during all 25 simulated EVAs.  Inadvertant high CO2 injection rates experienced a few times 

during this test series caused the RCA to default to the planned 30 second half cycle time and demonstrated this 

contingency capability.  

 

4. IVA Vacuum Testing 

The IVA vacuum testing was performed on the PLSS 2.0 test stand to evaluate commercial vacuums ability 

to provide vacuum for the RCA. The tests were performed in January 2015 and July 2015.16 The test schematic is 

shown in Figure 9. The RCA vacuum side was connected to a vacuum pump with an umbilical length of 3.2 or 22 feet 

(0.98 or 6.7 m). The vacuums evaluated were Tri-Scroll 600, IDP-3, Air squared, and the lab vacuum system. The 

flow rate was kept constant at 4.5 acfm (0.0021 m3/s) and the loop pressure was kept at 15.1 psia. The metabolic rate 

was simulated for 400 and 800 Btu/hr (117 or 234 W) settings.17 The RCA was evaluated on a timed bed switch setting 

of 1, 2, or 10 minutes. These tests accumulated over 22 hours of operation.  

Results from this test series demonstrated that a vacuum pump could be used in an airlock to provide the 

RCA function while the airlock is not at vacuum conditions.  Two of the four vacuum pumps were able to provide 

sufficient vacuum quality to allow the RCA to perform adequately for the airlock operations but the other 2 pumps 

were not successful in this respect.  Also, the use of long half cycle timing was investigated resulting in unequal bed 

loading of CO2 and water. Test points following the 10-minute long half cycle times experienced unequal performance 

between beds that eventually settled out. This result was noted as being impractical for IVA operations.16   

 

5. Human-in-the-Loop (HITL) Testing 

The Human-in-the-Loop (HITL) testing consisted of manned testing of the PLSS 2.0, which was conducted 

over 19 days between October and December 2014.18 Unlike other testing done with the PLSS, these tests were able 

to evaluate the effect of human factors that were not simulated in unmanned tests. Tests were performed with a human 

test subject exercising on a treadmill in a pressurized Mark III spacesuit with life support being provided by the PLSS 

2.0. The PLSS 2.0 was operated in the Vacuum Chamber C for the tests with the suit located in the test room at 

atmospheric pressure and long umbilical lines connecting them, as shown in Figure 10. Breathing air (about 21% 

oxygen) was in the loop and humans have a required oxygen partial pressure, therefore, the total pressure of the loop 

could not be set at the EVA pressure of 4.3 psia (29600 Pa). To maintain the required oxygen partial pressure, the loop 

pressure was set at 4.3 psid (29600 Pa) to ambient (14.7 psia or 101400 Pa) for a total suit pressure of 19 psia (131000 

Pa). The test subjects exercised to match the specified metabolic rate profile, which varied from 350-3000 Btu/hr (103 

to 880 W).19  For all runs, the flow rate was set at 6 acfm (0.0028 m3/s) with the RCA bed switch set at 3 mmHg (400 

Pa) outlet ppCO2 or controlled with a half cycle time of 60, 90, or 120 seconds. A total of 19 tests were performed 

resulting in over 60 hours of tests.  
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Figure 10. Human-in-the-Loop Test Schematic 

 

The HITL test results demonstrated that the RCA 2.0 could be used in a human test subject application while 

successfully removing CO2 and humidity. Various ammonia desorb protocols were tested.  A successful protocol of 

cycling each RCA bed twice maintained ventilation loop ammonia levels below a 3 ppm limit .  During this protocol, 

each desorb period was a 2 minute exposure to vacuum and then, after all cycling was completed, the fan was turning 

on while the suit was in an open configuration.  Also, HITL test results indicated that the flow interruption caused 

during the RCA bed switching did not cause significant pressure variations or other issues during this test series.   
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C. Rapid Cycle Amine 3.0 

The design of RCA 3.0 is very similar to RCA 2.0 in that both designs featured a valve to switch beds with 

an internal pressure equalization step, but also include some improvments. The RCA 3.0 was designed to be operable 

with oxygen as the working fluid, to withstand launch and vibration loads, and to be compatible in vacuum and thermal 

environments. RCA 3.0, shown in Figure 11, used the same multi-ball valve as RCA 2.0, but incorporated a 

spaceflight-pedigree Rotary Variable Differential Transformer (RVDT) for valve position feedback. Currently, the 

only testing performed with RCA 3.0 was by Contractor A. However, there are testing plans for RCA 3.0 to be 

evaluated at EVA conditions (4.3 psia or 29600 Pa and oxygen in the loop) once integrated into PLSS 3.0. A summary 

of the testing performed with RCA 3.0 is shown in Table 4. 

 

 
Figure 11. RCA 3.0 Canister and Completed Assembly 

 

 

Table 4. Testing Overview of RCA 3.0 

  RCA 3.0 Overview Contractor A Tests 

Location  Contractor A 

When Performed  November 2014 

Duration hours 11 11 

Metabolic Range Btu/hr (W) 350-2000 (103-586) 350-2000 (103-586) 

Pressure Range psia (Pa) 14.7 (101400) 14.7 (101400) 

Flow Rate Range acfm (m3/s) 6 (0.0028) 6 (0.0028) 

RCA Outlet Temperature °F (°C) - - 

RCA Bed Switch Setpoint 

3-6 mmHg             

(400-800 Pa) 

3-6 mmHg                     

(400-800 Pa) 

Gas In Loop   Air 
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1. RCA 3.0 Contractor A Testing  

The RCA 3.0 was evaluated by Contractor A in November 2014 prior to delivery to NASA in June 2015. 

To compare RCA 3.0 to RCA 2.0, RCA 3.0 was also evaluated on a closed loop basis with target conditions and 

with an 8 hour variable metabolic profile.20 The closed loop test schematic, shown in Figure 12, features the RDVT 

for valve position feedback. The RCA was evaluated at metabolic rates of 350-2000 Btu/hr (103-586 W), bed 

switches of 3-6 mmHg (400-800 Pa), and flow of 6 acfm (0.0028 m3/s). Although RCA 3.0 is compatible with 

oxygen, the rest of the test set up was not oxygen-rated so the system was operated with air in the loop. Contractor A 

accumulated over 11 hours of RCA 3.0 testing prior to delivery to NASA.  

 
Figure 12. Contractor A RCA 3.0 Test Schematic 

The results of this test series demonstrated that the RCA 3.0 exibited higher-than-RCA 2.0 but acceptable 

pressure drop characteristics.  The results also indicated that the RCA 3.0 could control CO2 and humidity levels 

adequately for the exploration PLSS applications.  Valve life cycle testing was successfully performed and the new 

valve actuator was shown to successfully cycle the valves in a shorter duration than durations seen with RCA 2.0 

resulting in a no-flow duation of 1.2 seconds. As expected, half cycle times for RCA 3.0 were shorter than RCA 2.0. 

This result was anticipated since the RCA 3.0 had lower mass and volume characteristics as compared to RCA 2.0.   

RCA 3.0 outlet humidity levels were not quite as dry as those of RCA 2.0 but were still fairly dry.  Proof pressure and 

leak tests were successfully performed. 
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IV. Future Testing 

RCA 3.0 is scheduled to begin additional rounds of testing in Fiscal Year 2019 (FY19). Tentatively, tests 

will be performed at steady state, sub ambient, standard metabolic profiles, and maximum specification transient 

conditions. The plans evaluate the RCA as part of a ventilation loop with conditions consistent to EVAs, such as 4.3-

23 psia (29600-158600 Pa) pressure, 3 mmHg (400 Pa) bed switch, 350-3000 Btu/hr(103-880 W) metabolic rates, and 

4/6 acfm (0.0019/0.0028 m3/s) flow rate. Although RCA 3.0 is oxygen-rated, the ventilation loop is not, so tests will 

be performed with nitrogen in the loop. Tests with pure oxygen in the loop are planned for when RCA 3.0 is integrated 

into PLSS 3.0 by FY20. PLSS 3.0 is designed to be fully oxygen-rated in order for tests to be performed under EVA 

conditions. 

V. Summary 

The RCA technology was designed to full scale and evaluated at metabolic rates, pressures, flow rates, bed 

switch settings, and humidity levels consistent with EVA. Table 5 contains a complete list of conditions used for all 

the testing completed to date. The RCA has not yet been evaluated with pure oxygen in the loop, as would be required 

during EVA. However, there are plans to incorporate RCA 3.0 into PLSS 3.0, where all the components are oxygen-

rated. 
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Table 5. RCA Testing Conditions 

 

 
 

 

Duration

Metabolic 

Range

Pressure 

Range

Flow 

Rate 

Range

RCA Outlet 

Temperature

hours Btu/hr psia acfm °F

RCA 1.0 470 200-3000 3.7-15.2 3-6 50-88

2-8 mmHg             

23-180 seconds
Contractor A Tests Contractor A October- December 2006 65 350-1600 14.7 6 65-77 3, 6 mmHg Air

PLSS 1.0 Test Stand Johnson Space Center June- September 2011 275 200-3000 3.7-15.2 3-6 70-80 

2, 4, 6, 8 mmHg        

23-60 seconds Nitrogen

Integrated Ventilation 

Loop Johnson Space Center

January- February 2012, 

June- July 2012 126 400-2000 4.3-14.7 6

50-65, 70-77,   

77-88

2, 4, 6, 8 mmHg        

30-180 seconds Nitrogen

Ventilation Loop 1.0 Johnson Space Center March 2016 4 500 13-16 6 68-86 3 mmHg Nitrogen

RCA 2.0 384 250-3000 4.3-19 2-8.7 56-80

2-6 mmHg          

120, 240 seconds
Contractor A Tests Contractor A August- September 2012 14 350-2000 14.7 2-8.7 - 3, 6 mmHg Air

Pre-Installation 

Acceptance (PLSS 2.0) Johnson Space Center March 2014 9 1600 14.5-15.2 6 74-76

3 mmHg                       

120 seconds Nitrogen

Chamber C Testing 

(PLSS 2.0) Johnson Space Center January- July 2015 279 250-3000 4.3-19 4.5-6 65-80

2, 3, 4 mmHg          

120, 240 seconds

Nitrogen 

or Air

IVA Vacuum Testing 

(PLSS 2.0) Johnson Space Center January 2015, July 2015 22 400, 800 15.1 4.5 - 1, 2, 10 minutes

Nitrogen 

or Air

Human-in-the-Loop Johnson Space Center October- December 2014 60 350-3000 19 5-6.4 56-74

3 mmHg                     

60, 90, 120 seconds Air

RCA 3.0 11 350-2000 14.7 6 - 3-6 mmHg
Contractor A Tests Contractor A November 2014 11 350-2000 14.7 6 - 3, 6 mmHg Air

Location When Performed

RCA Bed Switch 

Setpoint

Gas In 

Loop



49th International Conference on Environmental Systems ICES-2019-400 
7-11 July 2019, Boston, Massachusetts 
 

References 

1   Papale, W., “Final Report Prototype Cycling Solid Amine Bed Carbon Dioxide and Humidity Removal System 

for Advanced Spacesuit Applications,” United Technologies Corporation, Hamilton Sundstrand, 31 January 2006. 
2 United Technology Corporation Aerospace Systems. (2006). RCA 1.0 Testing Results [Data Set]. Path 

<\\ec5eva\ec5eva\PLSS\PLSS Ventilation Subsystem\Rapid Cycle Amine (RCA)\RCA - Hamilton>. 
3  Papale, W., Paul, H., “Development Status of an EVA-sized Cycling Amine Bed System for Spacesuit Carbon 

Dioxide and Humidity Removal,” ICES, International Conference on Environmental Systems, 2007-01-3272, 2007. 
4  Vogel, M., “Portable Life Support System (PLSS) 1.0 Test Report,” ESCG, Engineering and Science Contract 

Group, ESCG-4470-12-TEAN-DOC-0021, 30 March 2012. 
5 Johnson Space Center. (2012). JSC RCA 1 Testing and Analysis Test Point [Data Set]. Path 

<\\ec5eva\ec5eva\PLSS\PLSS Integrated Testing\PLSS Breadboard\Testing\Test Data\VentilationAnalysis>. 
6  McMillin, S., “Rectangular Rapid Cycle Amine (RCA) Testing FY12 End of Year Report,” CTSD, Crew and 

Thermal Systems Division, CTSD-ADV-1019, 26 September 2012. 
7 Johnson Space Center. (2012). RCA 1 Integrated Ventilation Loop Test Data [Data Set]. Path 

<\\ec5eva\ec5eva\PLSS\PLSS Ventilation Subsystem\Rapid Cycle Amine (RCA)\RCA - Hamilton 2012\Data>. 
8   Vogel, M., “RCA 1.0 Cold Soak Test Results,” ESCG, Engineering and Science Contract Group, ESCG-4470-

12-TEAN-DOC-0110, 21 December 2012. 
9   Conger, B., “RCA 1.0 Failure Investigation,” JETS-JE33-16-TAED-DOC-0010, 24 March 2016. 
10 Johnson Space Center. (2016). RCA 1.0 Ventilation Loop 1 Test Data [Data Set]. Path <\\js-ea-fs-

03\PD01\EC\ESCG Thermal-Life Support Library\File Transfers\SMTA modeling\Test Data\Breathing Data\RCA 

1.0 PRESSURE EVALUATION DATA>. 
11   Papale, W., “Test Plan and Documentation of Results for Rapid Cycle Amine System (RCA 2.0),” UTC 

Aerospace Systems, 12 December 2012. 
12 Vogel, M., "PLSS 2.0 Pre-Installation Acceptance (PIA) Test Report," JETS-JE33-16-TAED-DOC-0040, 30 

September 2016. 
13 Johnson Space Center. (2016). RCA 2.0 Pre-Installation Acceptance Tests [Data Set]. Path 

<\\ec5eva\ec5eva\PLSS\PLSS Ventilation Subsystem\Rapid Cycle Amine (RCA)\RCA 1.0 and 2.0 Test Data\PLSS 

2.0 pia_26>. 
14  Vogel, M., "Integrated Portable Life Support System 2.0 (PLSS 2.0) Chamber C Testing Report," JETS-JE33-

17-TAED-DOC-0009, 27 January 2016.  
15 Johnson Space Center. (2016). RCA 2.0 Chamber C Testing [Data Set]. Path <\\ec5eva\ec5eva\PLSS\PLSS 

Ventilation Subsystem\Rapid Cycle Amine (RCA)\RCA 1.0 and 2.0 Test Data>. 
16  Ralston, R., Vogel, M., and Campbell, C., “RCA Vacuum Access Testing and Analysis for IVA Operations,” 

EM-PEM-15-0008, 5 January 2016. 
17Johnson Space Center. (2016). RCA 2.0 IVA Vacuum Testing [Data Set]. Path 

<https://oasis.jsc.nasa.gov/projects/AdvEVADev/PLSS/Shared%20Documents/Integrated%20Testing/PLSS%202.0/

Testing/Unmanned%20Testing%20-%202015/IVA%20RCA%20Vacuum%20Access%20Testing>. 
18  Vogel, M., "PLSS 2.0/ HITL Test Report," JETS-JE33-15-TAED-DOC-0058, 18 September 2015. 
19 Johnson Space Center. (2015). PLSS 2.0/ HITL Test Data [Data Set]. Path <\\ec5eva\ec5eva\PLSS\PLSS 

Ventilation Subsystem\Rapid Cycle Amine (RCA)\RCA 1.0 and 2.0 Test Data\RCA 2.0 HITL>. 
20  Papale, W., “Test Plan and Documentation of Results Final Report for Rapid Cycle Amine (RCA) System 3.0,” 

UTC Aerospace Systems, 17 July 2015. 

 


