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The Exploration Portable Life Support Subsystem’s (xPLSS) ventilation loop consists of 

equipment designed to supply O2 and remove CO2 and H2O from the Exploration 

Extravehicular Mobility Unit (xEMU). This paper outlines a trade study in order to determine 

the effects of a change in flowrate throughout the ventilation loop where the areas of concern 

include the carbon dioxide washout surrounding the crewmember (i.e. the resulting inspired 

partial pressure of CO2), the fan speed and power, and the O2 ullage lost and power consumed 

by the Rapid Cycle Amine (RCA). The inspired partial pressure of CO2 is limited by the 

Johnson Space Center’s Chief Medical Officer’s recommendations. As such, this is the 

primary pass/fail criteria for this flowrate reduction analysis and is considered when 

analyzing the CO2 washout results for the xEMU helmet and the hard upper torso (HUT). The 

results from this study show that a flowrate reduction from 6 acfm to 5 acfm is possible.  

Nomenclature 

CFD = Computation Fluid Dynamics 

CMO = Chief Medical Officer 

D = Fan Diameter 

EVA = Extravehicular Activity 

HUT = Hard Upper Torso 

M = Molar Mass 

m = Mass 

N = Fan Speed 

P = Pressure 

P = Power 

Pa = Aerodynamic Power 

Pe = Electrical Power 

pp = Partial Pressure  

R = Gas Constant 

RCA = Rapid Cycle Amine 

T = Temperature 

TD = Thermal Desktop 

UDF = User Defined Function 

V = Volume 

�̇� = Volumetric Flowrate 

xEMU = Exploration Extravehicular Mobility Unit 

xPLSS = Exploration Portable Life Support Subsystem 

𝜂 = Total Efficiency 

𝜉 = Power Coefficient 

𝜌 = Density 

𝜙 = Flow Coefficient 

𝜓 = Head Coefficient 

                                                           
1 Thermal Analysis Engineer, Thermal and Life Support Systems Analysis, 2224 Bay Area Blvd., Houston, Texas 
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I. Introduction 

trade study was conducted in order to determine the effects of a change in flowrate throughout the Exploration 

Portable Life Support Subsystem (xPLSS) ventilation loop where the areas of concern include the carbon dioxide 

washout characteristics surrounding the crewmember, the fan speed and power, and the O2 ullage lost and power 

consumed by the Rapid Cycle Amine (RCA). This study is to determine if a flowrate reduction is possible, from the 

current requirement of 6 acfm, in order to reduce overall power consumption while maintaining appropriate CO2 

washout.  

 The RCA is a two-bed, amine-based, vacuum-swing absorption system that provides CO2 and H2O removal. The 

rate at which these beds switch is a parameter that is evaluated throughout this paper and the effect that switch rate 

has on the CO2 washout in the helmet-hard upper torso (HUT) is analyzed. Additionally, the metabolic rate of the 

crewmember was an important parameter to consider as it has effects on both the RCA performance and the inspired 

partial pressure of CO2.  

II. Model Descriptions 

 In order to conduct this trade study, multiple modeling tools were employed as various models for the components 

were already in use.  

A. xPLSS Thermal Desktop Model 

The integrated xPLSS Thermal Desktop (TD) model was utilized for this analysis in order to predict the 

performance of the ventilation loop, specifically the fan performance, contained within the xPLSS. This model utilizes 

TD to predict the thermal and pneumatic/hydraulic interactions within the PLSS and incorporates a human thermal 

model (METMAN) to include metabolic, respiration, muscular work, and active body thermoregulation, as if a crew 

member were a part of the loop1. It is noted that this model operates under the assumption that the fan speed is variable 

instead of fixed. From this model, the change in pressure across the fans were determined and analyzed against the 

fan performance test data, based on hardware testing, to determine the fan speed and power for a given metabolic rate 

and ventilation flow rate.  Figure 1 below displays a portion of the TD model in which the fans and the RCA are 

visible.  

  
Figure 1. TD Model Displaying the Fans and RCA 

B. RCA Aspen Custom Modeler Model 

The RCA was modeled using Aspen Custom Modeler. This model has been calibrated using experimental data 

from Collins Aerospace (formerly UTC Aerospace Systems) and JSC RCA tests2. Using this model, the required half 

cycle time and oxygen and power consumption for the RCA was determined for each case. Additionally, the model 

was used to determine the amount of carbon dioxide and humidity that would be entering the helmet from the xPLSS 

ventilation loop. These values were used as inputs into the ANSYS model discussed below. Figure 2 below displays 

the Aspen Custom Modeler RCA Model. 

 

A 
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Figure 2. RCA Aspen Custom Modeler Model 

C. Helmet-HUT ANSYS Model 

The xEMU Z3 Helmet-HUT, an ANSYS model, was used for computational fluid dynamics (CFD) cases to 

determine the inspired ppCO2 (partial pressure of carbon dioxide). This Helmet-HUT configuration has evolved from 

MKIII Suit to the xEMU suit with various inlet duct iterations also considered; the resulting Z3 configuration produced 

the best combination of CO2 washout, pressure drop, and crew interface compared to previous designs3. This model 

is equipped with a UDF (user defined function) that simulates the crew member’s breathing. The user specifies a 

metabolic rate, corresponding breathing rate, and inhale/exhale volumetric flow rate such that the UFD models the 

breathing pattern in a sinusoidal manner. The UDF then calculates the CO2 produced and exhaled through the 

calculation of O2 removed by the lungs which is a function of metabolic rate, respiratory quotient, and breath period. 

The total CO2 exhaled is the result of the total CO2 inhaled plus the amount produced by the lungs while the total O2 

exhaled is the total O2 inhaled minus the amount removed by the lungs. The inhaled amount of CO2 and O2 is calculated 

during each inhale duration (i.e. the CO2 and O2 entering the mouth boundary surface based on the concentrations and 

flow velocities in the vicinity of the mouth). Figure 3 below displays the model. 

 
Figure 3. ANSYS CFD Model of the Z3 Helmet-HUT 
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III. Analysis 

A. xPLSS Thermal Desktop Model Analysis 

In order to determine the effect that a flowrate reduction has on the fans within the xPLSS, the fan speeds and 

power consumptions were evaluated for each flowrate and metabolic rate specified for this analysis.  

1. Fan Speed Analysis 

Pressure drop models were provided based on fan hardware testing. These models were used in order to predict 

the change in pressure of the fan for a given speed, pressure, and fan inlet flow rate. The TD model reported the fan 

pressure change for a given metabolic rate and system flow rate (i.e. the flow rate as seen by the heat exchanger). 

These TD pressure values were plotted on the fan speed curve plot (produced from the fan testing pressure drop 

models) and interpolation between the fan speed curves was conducted in order to determine the fan speed for each 

TD analysis point.  

2. Fan Power Analysis 

The power consumption for each case required the calculation of the following non-dimensional parameters: flow 

coefficient (𝜙), head coefficient (𝜓), power coefficient (𝜉), and total efficiency (𝜂) as seen in Eqs. 1 through 4 below. 

These equations use the following fan parameters: volumetric flowrate (�̇�), fan speed (N), fan diameter (D), fan total 

delta-pressure (∆𝑃𝑡𝑜𝑡𝑎𝑙), gas density (𝜌), and shaft power (P). The use of non-dimensional parameters was necessary 

due to the fan testing data having been conducted with breathing air while the TD model assumed oxygen, although 

the total efficiency (assuming a combined motor and controller) would be the same. While the fan speed for the TD 

analysis points has been calculated, the flow coefficient can be determined for these points using the equations below 

and therefore the total efficiency could be calculated using interpolation. Once the efficiency was calculated, the 

aerodynamic (Pa) and electric power (Pe) could be calculated using Eqs. 5 and 6 below.  

 Flow coefficient: ϕ= 
V

N D3

̇
 (1) 

 Head coefficient : ψ=ψ(ϕ)=
∆Ptotal

ρ N2 D2 (2) 

 Power coefficient : ξ=ξ(ϕ)=
P

ρ N3 D5 (3) 

 Total Efficiency: η=η(ϕ)=
ϕψ

ξ
 (4) 

 Pa=∆Ptotal*flow rate (5) 

 Pe=
Pa

η
 (6) 

B. RCA Aspen Custom Modeler Model Analysis 

In order to determine the effect that a flowrate reduction has on the RCA, the power consumed and the O2 ullage 

lost were analyzed for each specified flowrate, metabolic rate, and RCA trip point. The ullage losses are based on the 

free gas volume of the RCA amine beds and each time the amine beds are switched, the gas held in this volume is 

dumped to vacuum at the start of the bed desorbing process. It is noted that the pressurized bed dumps to the evacuated 

bed before discarding to vacuum; this is reflected in the pressure term of Eq. 7. The RCA trip point is the target CO2 

concentration of the ventilation stream exiting the RCA and reaching this target triggers switching of the RCA amine 

beds. Additionally, the CO2 and H2O outputs of the RCA were determined for each analysis point as they are inlet 

parameters for the Helmet-HUT CFD analysis.  

With inputs of pressure, metabolic rate, CO2 and H2O injection rates, flowrate, and RCA bed switch trip point, the 

RCA model produced half-cycle time, partial pressure of CO2 and partial pressure of H2O at the outlet of the RCA. 

The latter two products were utilized in the ANSYS model to be discussed in the next section of this report. The half-

cycle time was essential for the calculations of the O2 ullage lost and the power consumption of the RCA. The O2 

ullage lost was calculated using Eqs. 7 through 9 below. Eq. 7 is the ideal gas law utilized to calculate the mass of O2 

lost per bed switch. Eq. 8 calculates the value for the number a half cycles that occur in an 8-hour period. Finally, the 

equation for the oxygen ullage lost is shown in Eq. 9. The RCA power consumption was calculated by assuming a 
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regulated load of 12.092 Watt and a 3 second required time for a bed switch4. The equation for power consumption 

can be seen in Eq. 10 below. 

 m (g)=
P (Pa)* V (m3)

R (
J

K*mol
)* T (K)

*M (
g

mol
) =

[(
4.3 psi

2
)*6894.757]*[

1.3 L

1000
]

[8.314] *[(75 °F+459.67)*(
5

9
)]

 *[2*15.999]=0.250 g (7) 

 #of Half Cycles=
8 hr *60 (

min

hr
)

Half‐Cycle Time (min)
 (8) 

 O2 Ullage Lost (g)=# of Half Cycles *m (g) (9) 

 Power Consumption=# of Half Cycles *P(W)*t(s) (10) 

C. Helmet-HUT ANSYS Model Analysis 

The ANSYS CFD model utilized the Z3 Helmet-HUT in order to determine the average inspired partial pressure 

of carbon dioxide for each case. The ANSYS model required the results of the RCA model as inputs (as the carbon 

dioxide and humidity at the outlet of the RCA would be entering the inlet of the Helmet-HUT) along with the operating 

pressure and the metabolic rate. The acceptance criteria for the allowable inspired ppCO2 was outlined by the JSC 

Chief Medical Officer and can be seen in Table 1 below. This table indicates that if the partial pressure is less than or 

equal to 4 mmHg then the duration of the exposure can last an unlimited amount of time, if the partial pressure is 

between 7-4 mmHg, then the exposure can have a cumulative duration of 7 hours, if the partial pressure is 7-10 mmHg, 

then the cumulative duration can be 2.5 hours, etc.5  In order to determine if the results of this analysis would likely 

be in violation of the acceptance criteria, the metabolic rate profiles were utilized and can be seen in Figures 4 and 5 

below6. 

 

Table 1. JSC Chief Medical Officer's Partial Pressure Carbon Dioxide Limits 

PICO2 
(mmHg) 

Allowable Cumulative Duration 
(hours per day) 

> 15.0 Do Not Exceed 

> 12.5 ≤ 0.5 

> 10.0 ≤ 1.0 

> 7.0 ≤ 2.5 

> 4.0 ≤ 7.0 

≤ 4.0 Unlimited 

 
Figure 4. Standard Metabolic Rate Profile 
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Figure 5. Front End Loaded Metabolic Rate Profile 

IV. Results 

The impact of reducing the ventilation flowrate with respect to the RCA performance was initially determined in 

order to set the range of inlet conditions used in the Helmet-HUT ANSYS model. The results of the Helmet-HUT 

model then determined  the effect that the flowrate reduction had on inspired CO2 levels. The impact on the fan 

performance was determined to show the potential savings in power. The analysis of the impact of the lowering the 

ventilation flowrate was conducted over a range of system flowrates from 4 to 6 acfm and the metabolic rates of 800 

BTU/hr to 2500 BTU/hr.  

A. RCA Aspen Custom Modeler 

As previously stated, the RCA model was utilized to determine the half-cycle time, oxygen ullage lost, power 

consumption, and partial pressure of CO2 and H2O. Figures 6 and 7 below display the plotted results of O2 ullage and 

power consumption of the RCA versus metabolic rate for flowrates of 6.0 and 5.0 acfm. It is noted that flowrates from 

4 acfm to 6 acfm were analyzed, but for the purposes of this paper, only 5 acfm and 6 acfm are plotted. The other 

flowrates display a similar trend. It can be seen that a flowrate reduction has little effect on the O2 ullage and power 

consumption. This is unlike the reduction of the trip point of which the results are unfavorable as the O2 ullage and 

power consumption increase with a trip point reduction.  

0

500

1000

1500

2000

2500

3000

0 60 120 180 240 300 360 420 480

M
et

 R
at

e,
 B

T
U

/h
r

Time, min

Front End Loaded Metabolic Profile



 

International Conference on Environmental Systems 
 

 

7 

 

 
Figure 6.   Oxygen Ullage Lost versus Met Rate for a Ventilation Flow Rate of 5 acfm and 6 acfm 

 

 
Figure 7.   Power Consumed versus Met Rate for a Ventilation Flow Rate of 5 acfm and 6 acfm 
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B. Helmet-HUT ANSYS CFD 

The following plot in Figure 8 displays the inspired ppCO2 versus flow rate for various RCA trip points and 

metabolic rates. It can be seen that for all trip points, that as the flow rate increases, the ppCO2 decreases. Additionally, 

as the metabolic rate increases, the ppCO2 increases. The effect of the RCA trip point is seen as the metabolic rate 

increases. When the metabolic rate is low (800-1200 BTU/hr) there is little difference in the inspired ppCO2 with a 

change in RCA trip point. As the metabolic rate increases to 1600 BTU/hr, there is a decrease in inspired ppCO2 with 

a change in RCA trip from 3.0 to 1.5 mmHg, but still no change in results from a trip of 3.0 to 2.5 or 2.0 mmHg. Then, 

at a metabolic rate of 2000 BTU/hr, there is a decrease in inspired ppCO2 for a decrease in RCA trip from 3.0 to 1.5 

and 2.0 mmHg, but still no change from 3.0 to 2.5 mmHg. Finally, when the metabolic rate is 2500 BTU/hr, there is 

a decrease in inspired ppCO2 for a decrease in RCA trip for all trip points analyzed.  

As previously stated, the JSC CMO’s recommendation on duration of inspired ppCO2 levels was used as the 

pass/fail criteria in conjunction with the metabolic rate profiles. Taking the various metabolic rate profiles into 

consideration, the ‘Front End Loaded’ profile had the longest duration of high metabolic rates (1600 BTU/hr or 

higher). Table 2 below displays the ppCO2 results for each metabolic rate, flowrate, and RCA trip point. The results 

are color coded to reflect the JSC CMO’s recommendation; the cells colored a deep red fail the criteria, the cells 

colored a lighter red can only have a duration of 0.5 hr, the cells colored orange can have a duration of 1 hr, etc. The 

metabolic rates and duration of concern are as follows: 2500 BTU/hr for a duration of 0.66 hr, 2000 BTU/hr for 1.5 

hr, and 1600 BTU/hr for 2.66 hr. So, it can be seen that the red cells do not pass these criteria while the orange, yellow, 

and green do pass. It is noted that this analysis does not take into account the duration of metabolic rates exceeding 

2500 BTU/hr. 

 
Figure 8.   Inspired Partial pressure of CO2 vs. Flowrate for Varying Metabolic Rates and RCA Trip Points 
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Table 2. Inspired Partial pressure of CO2 Results from the ANSYS CFD Analysis 

 

C. xPLSS Thermal Desktop 

In order to determine the fan speed and power, the TD model was utilized to determine the change in pressure for 

each analysis point. The pressure change was then plotted on the fan speed curves (that were produced from the fan 

testing data7) and interpolated to find the fan speed for the TD analysis points, as seen in Figure 9 below. Figure 10 

displays the fan speed versus the system flow rate. It can be seen that, as the metabolic rate increases, the fan speed 

increases. As previously stated, the fan speed in the TD model is variable and not fixed. It is noted that the system 

flowrates of 4 acfm to 6 acfm were analysed, but, the fan inlet reports a slightly higher flowrate than the system, as 

reported in Figure 9.  In order to determine the fan power consumed, the TD data was plotted onto the fan efficiency 

versus flow coefficient curves (from the fan test data7) in order to determine the TD fan efficiency, as can be seen in 

Figure 11. Figure 12 displays the fan power results versus system flow rate. 

 
Figure 9. TD Fan Pressure Drop Results Plotted Against Test Data Fan Curves 
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Figure 10. TD Fan Speed versus System Flow Rate 

 

 
Figure 11. TD Fan Flow Coefficient Results Plotted Against Test Data Fan Efficiency Curves 
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Figure 12. TD Fan Power Consumption versus System Flow Rate 

D. Overall Power and Volume Implications 

As seen in the previous sections, the reduction of flowrate results in a decrease of power consumption for the fans 

and has little effect on the power consumption for the RCA. The power consumed by the RCA is greatly affected by 

a change in the trip point; a lower trip point means the RCA would have to switch beds more often, thus using more 

power. Assuming an RCA trip point of 3 mmHg and an average metabolic rate of 1200 BTU/hr for an eight-hour EVA 

(extravehicular activity), the reduction of flowrate from 5 acfm to 6 acfm results in power savings of 0.05 Wh for the 

RCA and 48.2 Wh for the fan. Additionally, in order to accommodate the change in ullage losses, the change in O2 

tank volumes was examined. Using the ideal gas law shown below in Eq. 11, the range of volumes required to replace 

ullage losses was calculated where n is the number of moles, R is the universal gas constant, T is temperature, and P 

is pressure. Assuming a metabolic rate of 1200 BTU/hr and a tank temperature and pressure of 60 °F and 3000 psi, 

the range of required volumes to replace ullage losses is 4.55 cubic inches to 24.83 cubic inches.  

 V=
nRT

P
 (11) 

V. Conclusion 

The reduction of the ventilation loop flowrate within the xPLSS affects the major components of the loop: the fans 

will experience a reduction in power consumption, the RCA will experience little change in O2 ullage and power 

consumption, and the inspired ppCO2 will increase. Additionally, the RCA was analyzed to determine the effects of a 

trip point decrease on the RCA O2 ullage lost, power consumed, and the inspired ppCO2. This resulted in unfavorable 

results for the O2 ullage and power consumption as well as the inspired ppCO2 unless the metabolic rates exceed 2000 

BTU/hr. Overall, the analysis determined that a flowrate decrease to 5.0 acfm is possible with care taken at metabolic 

rates at or exceeding 2500 BTU/hr as to not surpass the JSC Chief Medical Officer’s guidelines. This reduction would 

save 48 Wh with respect to fan power and would require 4.55 cubic inches to replace ullage loss (assuming a metabolic 

rate of 1200 BTU/hr and an RCA trip point of 3 mmHg). 

VI. Future Work 

This analysis was conducted under the assumption that the fan test data was the most current documentation 

available. While this is true, the fans documented by this data are not the fans that will be used in the final xPLSS 

design and, therefore, the analysis can be updated when the next fans are tested. Also, the TD model could be updated 
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because it operates under the assumption that the fans have a variable speed, where, realistically, the fan speed will be 

a set value. Additionally, the RCA model in Aspen Custom Modeler is correlated to RCA test data, but there is little 

test data of the RCA in terms of trip point variations, therefore this analysis estimates the effects of trip point decreases 

but testing should be done to both verify the results and increase the fidelity of the model.  Finally, the Z3 Helmet-

HUT model has since been tested for emergency purge scenarios in which the vent inlet geometry has proved to be 

insufficient to meet contingency requirements and will likely have to be remodeled. The CFD results will have to be 

revisited with the new inlet geometry (if such changes are made) to verify that the reduction of the flowrate will remain 

to provide sufficient CO2 washout. 
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